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Severe erosion commonly follows intense wildfires throughout the Mountain West, altering 
stream channel morphologies and aquatic habitats, and tiireatening human life and property. 
These hazards can lead to large financial expenditures to assess and mitigate impacts. We 
therefore need to explicitiy identify locations of highest post-fire erosion potentiaL
Satellite-derived bum  severity mapping was used to quantitatively describe and explain post­
fire gully rejuvenation triggered by intense rainfall during July 2001 in the Sapphire Mountains, 
Montana. Bum severity was mapped in a G IS by means of an innovative metric, the Bum 
Severity Distribution Index (BSDl). This new metric was derived from satellite images 
previously appraised by the Normalized Bum Ratio (NBR). Gully rquvenation occurred in 66 of 
the 171 drainage basins examined. The mean BSDI value for gullied basins was very high 
compared to non-guUied basins. The degree and extent of bum  severity was more important than 
any other landscape variable in predicting the incidence of gully rejuvenation. The results 
indicate that gully rejuvenation is more likely to occur in mountainous landscapes where high 
severity bums impact relatively large portions of 1** and 2"** order basins, especially near 
watershed divides. Where erosion failed to occur in watersheds with high BSDI values, one or 
more factors attenuated expected erosional responses including the relative location of severely 
bum ed areas, low relief, wet riparian conditions, and /o r drainage basin elongation. Low BSDI 
values in eroded basins were explained by NBR classihcation errors identified with NW slope 
aspects, or by severe bum  impacts concentrated at the drainage headslopes. Areas draining to 
the gully heads (contributing areas, CA) of eroded basins were relatively small and independent 
of total drainage basin area. CA relief was inversely correlated with the CA size. Where BSDI 
values within the CA were low, the size or the slope of the CA increased.
A preliminary model is proposed to assess the risk of severe erosion response as a function of 
BSDI and attenuating factors. This model may prove to be usetul for Burned Area Emergency 
Rehabilitation team assessment, and the planning, implementation, and monitoring of bumed 
area recovery treatments.
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ToD. 
Thank you
lU
The same parts of the earth are not always moist or dry, but change their 
character according to the appearance or failure of rivers. So also mainland and 
sea change places and one area does not remain the eardv another sea, for all 
Time, but sea replaces what was once dry land, and where there is now sea there 
is at another time dry land. This process m ust however, be supposed to take 
place in an orderly cycle. But these changes escape our observation t)ecause the 
whole natural process of the earth's growth takes place by slow degrees and over 
periods of time which are vast compared to the length of our life, and whole 
peoples are destroyed and perish before they can record the process from 
beginning to end. Of such destructions the most extensive and most rapid are 
caused by war, others by disease and famine.
Aristotle, Meteorologica, C h  14
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Figure 1: A rejuvenated gully in Sleeping Child Creek (SCC 106), October 2001
Figure 2: Sediment recharge and loading of large woody debris in Sleeping Child Creek 
following rejuvenation of multiple gullies within the watershed, September 2002.
VI
Figure 3: View down scoured channel to debris fan at Laird Creek (LC 202), June 2002
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CHAPTER 1: INTRODUCTION AND BACKGROUND
In the American West, wildfires alter vegetation and soil conditions, decreasing slope 
stability and locally lowering resistance to erosion, leading to increased erosion rates from freshly 
bumed watersheds (Benavides-Solorio and MacDonald, 2001, p.2931; Cannon et al., 2001, p.3011; 
Martin and Moody, 2001, p. 2894). Large, high-intensity storms may deliver rainfall at rates that 
exceed soil infiltration capacity, triggering intense erosion and channel incision, and causing 
gullies in steep first-order basins. Gullies are steep-walled trenches formed high up mountain 
slopes where localized and concentrated runoff rips deep gashes into the land" (Monkhouse, 
1975, p. 137). Three general factors control runoff concentration and soil erosion leading to 
gullying: vegetation, soil conditions, and topography. Of the three, vegetative cover dominates 
(Dunne and Leopold, 1978 p. 511). Intense soil erosion and gullying rarely occurs on slopes with 
dense vegetation (Heede, 1972, p.l55). Runoff concentration is controlled by soil infiltration rates, 
which in turn depend upon soil surface conditions, particularly surface porosity and hydraulic 
conductivity (Cooke and Doornkamp, 1974, p. 31; Mishra et al., 2003, p. 2631; Torri et al., 1999, p. 
131).
Burn severity describes the effects of fire upon soil and vegetation that lead to increased 
runoff potential and erosion (Davis, 2003; Parsons and McLeod, 2000, p.l). The increased 
potential for severe erosion following wildfire in steep forested mountainous terrain is directly 
related to burn severity and post-fire precipitation regime. (DeBano et al., 1996, p.77; Elliott and 
Parker, 2001, p.3029; Meyer et al., 2001, p. 3025).
Gully rejuvenation refers to reactivation of drainage channel incision some time after a 
gully initially forms and stabilizes. During periods without extreme flow, rock debris (also 
termed transported regolith or colluvium) gradually accumulates and refills incised channels.
The fall of intense rain on destabilized hiUslopes, e.g. those burned by wildfire (Kirchner et al., 
2001, p. 593), episodically reactivates gully erosion, which removes part or all of the accumulated
debris (Benda and Dunne, 1997, p. 2865; Dunne, 1998, p. 797; Heede, 1972, p. 160; Turner, 1996, p. 
540).
A guUy terminates upslope at a gully head, A gully head is the headcut that defines the 
abrupt transition from convergent rill erosion to a single incised channel. Gully heads are also 
defined as the "upslope limit of erosion and concentration of flow within steepened, well-defined 
measurable banks" (Montgomery and Dietrich, 1989, p. 1907-8); they mark the upslope tip of the 
erosion gash. They are generally scarp-like in profile and arcuate in plan (Figure 4). They vary in 
depth and width from tens of centimeters (several inches) to a meter (three feet) or more (Dunne 
and Leopold, 1978, p. 516; Heede, 1972, p. 156). Gullies may be continuous, that is the incision is 
uninterrupted from the guUy head to the main valley floor, or discontinuous, the incision is 
intermittently or permanently blocked at one or more points below the gully head (Heede, 1972, 
p. 156).
Figure 4: Photograph of fresh channel head typical of eroded gullies. Sleeping Child Creek,
May 2002.
Bora Severity Assessment and Mapping
Although it is currently impossible to predict specific locations where erosive storm 
precipitation will fall, the severity of wildfire bums can be identified, classified, and mapped. 
This is routinely done by Bumed Area Emergency Rehabilitation (BAER) teams as part of an 
assessment of impacts to hydrologie and aquatic resources (USDA Forest Servicel995, § FSM 
2523.02). Severity assessment criteria include the extent of canopy bum, "amount of soil cover 
remaining, presence of water repellant soils, size of fuels consumed, destabilization of soil 
structure, depth, color, and condition of ash, and others," (Parsons and McLeod, 2000, p . l ) . Bum 
severity classifications are typically delineated as a mosaic of polygons classified as high, 
moderate, and low bum  severity on topographic maps covering the area of the fire (Davis, 2003,
p. 1).
Post-fire erosion in general and gully rejuvenation in particular is directly related to bum  
severity (Caimon, 1999, p. 95, 111; DeBano et al., 1996, p. 77; Huffman et al., 2001, p. 2890; 
MacDonald et al., 2000, p.63; WondzeU, 2001, p. 131). However, the spatial relationship between 
the extent and degree of bum  severity and the potential for gully rejuvenation has not t)een 
explicitly quantified or established. Presuming tiiat the process of rejuvenation can be effectively 
mitigated, treatments should be applied "only if the risk to life and property is high since the 
amount of protection provided is assumed to be small" (Robichaud et al., 2000, p. 53). Any post­
fire rehabilitation and restoration treatment may only be most functionally effective -  and 
therefore most cost effective - when applied where bum  severity is greatest The task then is to 
specifically identify these locations and to quantify and describe their relationships to the 
potential for severe erosion.
Recent Studies
The general relationships between bum  severity and post-fire erosion are presented in 
articles that summarize and review the effects of fire on water resources and forest soils (DeBano
et ai., 19%, p. 77; Robichaud, 2000, p. 2; Swanson, 1978, p. 411; Wondzell, 2001, p. 131). Four 
recent studies have used bum  severity classification as an independent variable in evaluations of 
fire impacts on geomorphic activities. Table 1 summarizes the burn severity classification 
categories used in each study, how the classification was derived, how tiie classification was 
applied, and the results. Each study affirms the existence of a direct relationship Ijetween bum  
severity and hydrogeomorphic response.
Table 1: Summary of recent research using bum  severity as an independent variable
Research study -  
Purpose Bum classification MeUiod Application
Cannon & Reneau 
(2000)
Study focus: 
Erosion magnitude
High, moderate. Air photo interpretation, 
light, unbumed 1:12K by USFS personnel;
field observations
Classes assigned per 
dominant severity 
over landscape area, 
expressed as % area in 
general classification
and Theology Results: Magnitude of erosion response was directly related to extent and 
severity of bum  mosaic.
Benavides-Solorio & 
MacDonald (2001)
High, moderate. Field assessment based on 
low or unbumed % cover consumed per
USFS BAER Handbook
Point specific -  
classification used to 
stratify sampling sites
Study focus: 
Sediment yield
Results: Sites with high-severity bums yielded 1 0 -2 6  times more 
sediment than from low-severity of unbumed plots.
Huffman and others 
(2001)
High, moderate. Field assessment based on 
low, unbumed % cover consumed per
USFS BAER Handbook
Point specific -  
classification used to 
stratify sampling sites
Study focus: 
Hydrophobicity
Results: The strength of soil hydrophobicity generally directly related to 
bum  severity. Surface hydrophobicity was generally greater in bumed v. 
unbum ed sites.
Martin & Moody 
(2001)
Study focus: 
Infiltration rates
High, moderate. As mapped by USFS 
low, unbumed BAER team assessment
and USFS fire incident 
personnel
Point specific - 
classification used to 
choose high severity 
and unbumed 
sampling sites
Results: AU bumed sites demonstrated lower steady-state infiltration 
rates when compared to unburned sites.
Each study addresses bum  severity relative to one or more erosion-related factored 
erosion magnitude and rheology, sediment yield rates, soil hydrophobicity, and soil infiltration 
rates. In each case, severity classes were based on visual assessments of the percentages of cover 
consumed an d /o r maps generated by BAER response teams. In the conclusions of each study, 
researchers compared differences b>etween the extreme categories, which is, between sites 
affected by high or moderately severe burns versus tiiose affected by low severity bums or no 
bums at all. These studies advanced understanding of the linkage between bum  severity and 
post-fire erosion response, but they did so using a coarse and qualitative design.
Other recent studies demonstrated that wildfire lowers thresholds for erosion (Cannon et 
al., 2001, p. 3011; Moody and Martin, 2001a, p. 1049; 2001b, p. 2981). Erosion rates increased from 
150- to 240-fold following the 1996 Buffalo Creek Fire in Colorado (Moody and Martin, 2001a, p. 
1067). The increases were greatest during the first year after the fires and tapered off quickly 
thereafter. The rainfall in the years following the fire was determined to be within the normal 
range of variability. The increases in erosion rates were therefore attributed to fire effects and not 
to unusually intense rainfall.
Significance and Study Purpose
The recent increase in the extent of area impacted by wildfires and the associated
increase in expenses for post-fire rehabüitation (Robichaud et al., 2000, p. i; Schuster et al., 1997,
p. 15) makes it critically important to identify where post-fire restoration projects may l>e most
necessary. Concern about the potential for severe erosion following wildfire drives the
expectation that rehabilitation projects will be implemented (Robichaud et al., 2000, p. i). The
first step in rehabilitation planning is to assess where the potential for severe erosion is highest A
current problem with the assessments is that BAER bum  severity mapping is subjective and
highly generalized. Severity class delineations may t)e incorrectly located by more than one-
quarter mile (Bruce Sims, USFS, personal communication). Nonetheless, treatment priorities are
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triaged by degree of bum  severity and areas of high bum  severity routinely receive highest 
treatment priority (Robichaud et al., 2000, p. 25-26). Use of more precise methods of bum  severity 
classification is needed.
During the summer of 2000, intense fires swept through forests on steep mountainous 
terrain throughout the southem Bitterroot Basin of Montana including large areas in the southem 
Sapphire Mountains. Over 300,000 acres bumed, leaving large tracts of land partially or fully 
barren of vegetation. During July of 2001, at least three large convection storms struck the bumed 
areas delivering as much as 13mm (Vz") of rain within thirty-minute periods (Parrett, 2002) . 
Figure 5 illustrates ash-laden runoff generated with 10 minutes of the onset of a convection storm 
on 20 July 2001. The storms triggered intense gully erosion within substantial portions of at least 
seven watersheds (D. Gordon, Bitterroot National Forest (BNF), personal meeting, 14 September 
2001). The morphologies of many valley-bottom stream channels were fundamentally altered, 
and debris-laden floods led to property damage and sediment-fouled streams.
The purpose of this study was to apply satellite-based, spatially explicit bum  severity 
mapping to assess relationships between the degree and extent of bum  severity and post-fire 
gully rejuvenation. This hypothesis was tested: Given generally similar landform morphologies 
and rainfall trigger events, guUv rejuvenation is more likely to occur where relatively large 
portions of a watershed experienced high severity bums.
Figme 5: Ash-laden runoff ten minutes from onset of convection storm, 20 July 2001, Gilbert 
Creek, tributary to Laird Creek. (Photo courtesy of C. Odegard, Bitterroot National Forest)
Erosion control factors in  study design
This geographic and hydrogeomorphic analysis was built with variables describing the 
spatial distribution of bum  severity, intense rainfall, and the three groups of erosion control 
factors; vegetation, soil conditions, and topography. This section presents the theoretical 
framework supporting the study design and the choice of variables. Itemization of the specific 
variables witii the associated metrics follows in the narrative of study methods. As previously 
introduced, the link between bum  severity and post-fire erosion, including gully rejuvenation, 
stems primarily from fire-caused changes to vegetation and soil surfaces that increase runoff and 
erosion potential. With vegetation and soil conditions altered, topography then influences rates 
of runoff accumulation and tiie erosive power of overland flow (Cooke and Doomkamp, 1974, p. 
38; Dunne and Leopold, 1978, p. 515).
Vegetation Controls Relative to Forest Fire
Fire consumes vegetation, converting it to charcoal and ash, leading to a cascade of 
effects (Agee, 1993, p. 168) including accelerated soil erosion (Wondzell and King, 2003, p. 77). 
Loss of canopy and ground cover reduces rainfall interception and attenuation (Keim and 
Skaugset 2003, p.l457), rainfall storage, surface roughness, and flow resistance. Rainfall­
generated runoff accelerates faster and will reside as ponded water for shorter periods, resulting 
in reduced residence times and reduced infiltration potentials. Runoff peaks sooner and at higher 
magnitudes than on vegetated slopes.
Soil Conditions Relative to Forest Fire
Soil erodibility, independent of fire, depends strongly upon soil texture which in tum  
largely reflects geologic parent materials. The primary effects of forest fires on soil are reductions 
in infiltration capacity and soil strength. The changes begin at the surface where ash and fine soil 
particles seal surface pores (Martin and Moody, 2001, p. 2893) reducing surface porosity and
infiltration rates. In addition to abundant fines from the fire-generated ash, the volume of fine 
soil material is probably increased by thermal fracture (Ritter et al., 1978, p. 86). Infiltration 
capacity may be further reduced by hydrophobic compounds created where heat from the fire 
vaporizes organic compounds at or near the soil surface (DeBano, 1968, p. 265). Fires consume 
shallow roots and organic soil matter, losses that directly reduce soil strength (Agee, 1993, p. 265). 
Decreased soil strength persists where fires of sufficient intensity and duration destroy seed stock 
and rhizome structures that otherwise would initiate vegetal regrowth (Brown and Smith, 2000,
p. 20).
Infiltration capacity varies with soil moisture content preceding, during and following 
precipitation (Castillo et al., 2003). Given equal conditions, wetter soils can hold less additional 
water before reaching saturation. Dry soils initially accept water at slower rates than moist soils 
due to the surface tension of soil particles. Fire alters soil moisture in two fundamental ways, 
which may be contradictory depending upon tiie timing and distribution of rainfall. Available 
soil water may increase due to decreased loss from évapo transpiration (Moody and Martin, 
2001b, p. 2981). Alternatively, between the loss of thermal insulation from duff and increased 
heat gain due to the decreased albedo of the ash, soils may become hyper-desiccated, resulting in 
increased capillary suction or moisture potential and greater time lags to maximum infiltration 
rates (Fetter, 1994, p. 187).
Topographic Erosion Controls
Topographic characteristics that influence the extent and degree of erosional response to 
flowing water include: slope steepness, slope length, drainage area, shape, and slope aspect The 
most important topographic attributes controlling erosion are hillslope steepness or gradient, 
hillslope length, and surface roughness (Cooke and Doomkamp, 1974 p. 40; Dunne and Leopold, 
1978 p. 515). Up to a point, the erosive force of runoff increases with increasing hillslope gradient
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Erosive forces increase proportional to the depth of overland flow; depth increase proportional to 
flow length (Dunne and Leopold, 1978 p. 515). While length elements generally influence the 
timing of runoff events, steepness factors generally influence flow magnitude (Ritter et al., 1978, 
p. 156).
Drainage density is a secondary, derived metric useful for comparing relative degree of 
channel development resulting from runoff. Calculated as total length of stream channel per unit 
area, drainage density "reflects spacing of drainageways (and the) interaction between geology 
and climate" (Ritter et al., 1978, p. 153). This metric was used in the study to make morphologic 
comparisons between analysis areas and drainage units.
There are demonstrated relationships between runoff, drainage area, and shape (Chorley 
et al., 1984 p. 319). Drainage area may be delineated at any point along a drainage channel. The 
portion of the drainage basin potentially able to contribute water to this point is called the 
contributing area (Montgomery and Dietrich, 1989, p. 1907; Wohl, 2000, p. 25). The relationship 
between contributing area and watershed response will be developed further in the next section. 
Drainage basin shape influences the timing and volume of peak flows. It may be descrilsed by the 
relative degree of basin elongation. The hydrologie response of equidimensional, relatively round 
watersheds tends to be flashy, whereas that of elongated basins tends to be sluggish (Ritter et al., 
1978 p. 158). Flashy and sluggish refer to the timing and peak volume of runoff discharge 
following rainfall; rapid peaks with a high peak volume are flashy, delayed peak discharge with 
relatively lower volume is sluggish.
Slope aspect, the direction a slope faces, influences soil moisture conditions, vegetation
growth and vigor, and rates of weatiiering and soil formation (Easterbrook, 1993, p.35; Marques
and Mora, 1992, p. 333). In the Mountain W est south-facing slopes, receiving more direct
insolation, are generally drier, less vegetated, with higher soil and air temperatures than north-
facing slopes. These aspect-related conditions interact with slope to influence infiltration capacity
and surface roughness based on runoff related soil moisture conditions and surface vegetation,
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respectively. The particle sizes of eroded materials may also differ relative to slope orientation 
(Canfield, 2001, p. 1).
Contributing Areas and Channel Formation
A contributing area may be defined as the source area within a drainage basin that could 
potentially contribute water to a channel (Montgomery and Dietrich, 1989, p. 1907). The 
contributing area includes all the drainage area upslope from the channel head to the divide and 
is the potential source area of the runoff to the channel head. In the case of a freshly incised 
channel, the contributing area is defined in this thesis beginning at the head of freshly incised 
gullies.
A contributing area may be defined for any given point along a channel and commonly 
includes but is not limited to the drainage hollow. Hollows are defined by Hack and Goodlett 
(1960, p. 6) as: "The central part of the valley contain(ing) the stream head, an area in which the 
contours are concave outward (away from the mountain). At every point in this area the slopes 
converge toward the stream." Runoff or shallow subsurface flows generated within hollows 
converge at the base of the hollow focusing flow into the drainage channel head. As a result 
hollows "constitute important mappable source areas for debris flows"(Montgomery and 
Dietrich, 1989, p.1907) Even very small drainage hollows can generate high-volume debris-laden 
flows.
Schumm (1974, p.78) measured the contributing areas of a series of gullies formed in
Colorado and found an inverse relationship between drainage area and valley slopes: "When
valley slope is plotted against drainage area, the relationship is inverse, with gentler valley slopes
t>eing characteristic of large drainage areas." Montgomery and Dietrich (1989, p. 1907) reported
an inverse slope/area relationship in a study of the location of channel heads within first-order
mountain basins in California: "The local valley slope at the channel head is inversely related to
both source (contributing) area and source-basin length." Steeper slope angles result in channel
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initiation closer to drainage divides. In basins with low channel gradients, the contributing areas 
above the channel heads are typically larger than in basins with high channel gradients.
Analysis Areas
This investigation involved three analysis areas located in the Sapphire Mountains at the 
southern end of the Bitterroot Basin in Montana (Figure 6). The selected analysis areas were 
burned to varying degrees by the fires of 2000 and portions of the areas underwent gully 
rejuvenation triggered by convection storms during July 2001. The analysis areas cover all or part 
of three watersheds and are generally morphologically similar. Two of the analysis areas. 
Sleeping Child Creek and Two Bear Creek, are contiguous and are centered in the northern 
extent of the year-2000 Valley Complex Fires. The Sleeping Child Creek analysis area extends 
1478 ha (3653 ac) and is a portion of the much larger Sleeping Child Creek watershed. The creek 
is tributary to the main stem of the Bitterroot River. The Sleeping Child Creek analysis area is 
mapped primarily in the NE quadrant of the Bald Top Mountain 7.5' topographic quadrangle 
with small portion extending on the Deer Mountain quad to the w est The Two Bear Creek 
analysis area lies immediately to the north of the Sleeping Child Creek analysis area. It is a 
portion of the larger Two Bear Creek watershed which is tributary to Sleeping Child Creek. This 
analysis area covers 656 ha (1621 ac) and is mapped primarily on the Bald Top Mountain quad 
with a small portion mapped on the SW quadrant of the Gird Point quad.
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Figure 6: The Bitterroot fire complex, 2000. Bum severity data source: Brown (2000).
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The third analysis area, Laird Creek, lies 30 km (19 mi) to the SSVv m me southern extent 
of the fire complex. The Laird Creek analysis area includes the entire Laird Creek watershed 
encompassing an area of 2448 ha (6048 ac). The creek joins the East Fork of the Bitterroot River. 
The watershed lies in the northwest quadrant of the Medicine Hot Springs, 7.5* USGS 
quadrangle. The Bitterroot National Forest administers all analysis area lands except some 
residential properties located on the valley floor at the mouth of Laird Creek. Laird Creek and 
Two Bear Creek were logged intensively. Dense networks of roads and skid trails were 
developed, many of them not included on current BNF maps. In Sleeping Child Creek, there is no 
evidence of logging or roads save one short segment at the SE edge. There are four little used 
trails; along the divides and the main channel of Sleeping Child Creek
The main valley of Sleeping Child Creek is a deep canyon with sheer walls of bedrock 
exposed at many locations. Within Laird Creek, the wide valley bottom bifurcates midway up 
the basin with Gilbert Creek Valley extending to the northwest The terrain within Laird Creek is 
gentler than in Sleeping Child Creek with extensive areas of low slope and rolling relief before 
the terrain steadily steepens to the western divide. The valley form of Two Bear Creek is 
somewhat broader than that of Sleeping Child Creek. Fewer bedrock outcrops punctuate its 
steep valley walls.
Climate
The climate of the analysis areas is semi-arid montane and reflects a location in the zone 
of transition between Continental and Pacific Maritime climates. Summers are moderately warm 
and winters mild, with a mean annual temperature of 8 ‘XI (46^F). The mean annual precipitation 
at the Darby station is 40 cm (16"), dominated by snowfall from November through February and 
rainfall in May and June. Intense, short-duration convection storms are common from July 
through September. Low intensity storms may extend for several days during these months.
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Regional streamflow is snowmelt-dominated from April to June with pulses of peak flow taking 
place during the summer and early fall in response to conventional and frontal storms.
Vegetation
Mixed-conifer forests dominated the landscapes of the analysis areas prior to the year- 
2000 fires. Forests on all southern aspects were generally low density, while those on the northern 
aspect were very dense. The dominant species in the analysis areas prior to the fires (Bitterroot 
National Forest, 2000), in order of abundance, were Douglas fir (DF) {Pseudotsuga menzksii) (40%), 
lodgepole pine (LP) (Pinus contorta) (33%), sub-alpine fir (SAF) (Abies lasiocarpa) (14%), and 
Ponderosa pine (PP) (Pinus ponderosa) (9%). DF and LP where equally abundant in Laird Creek, 
38% and 35%, respectively. DF dominaled in Sleeping Child Creek (53%) followed by equal 
abundance of LP (18%) and PP (19%). The forests in Two Bear Creek were predominantly LP 
(60%) followed by DF (21%) and SAF (19%). Dense riparian vegetation flourished along perennial 
stream reaches of Sleeping Child Creek and Two Bear Creek. Riparian vegetation was well- 
developed in Laird Creek except in the lower valley where it was sparse. Patches of semi-open 
grasslands were scattered throughout the lower elevations of the basin. The last major natural 
disturbance within the study areas were the fires of 1889 (Bitterroot National Forest, 2000) which 
impacted substantial portions of all three analysis areas. This includes all but the southernmost 
tip of Sleeping Child Creek, the entire south side of Two Bear Creek, and the upper two-thirds of 
Laird Creek. The only other fire of record in the analysis areas occurred in Laird Creek in 1921. 
The small 84 ha bum  was located along the west central divide.
Geology
Geologic materials of the Sapphire Mountains consist primarily of tightly folded
sedimentary rocks. Belt, Paleozoic, and Mesozoic formations, underlain by, and interspersed with
intrusions of Idaho batholith granite that is unroofed intermittently at the surface (Natural
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Resource Information System, 2003). These rocks are deeply dissected and display moderate 
drainage densities and angular slopes mantled with abundant coarse debris. The soils throughout 
the analysis areas are mostly sandy loams with abundant included gravel. They move readily 
underfoot on both burned and unbum ed slopes. Rubble and bedrock outcrops are scattered 
throughout the analysis areas with their highest concentration occurring in the Sleeping Child 
Creek area. There are also minor alluvial deposits in middle and the uppermost extents of Laird 
Creek. Small deposits of glacial till lay just downslope from the divide at the northwest and 
southwest comers of the area. Consistent with the geologic materials, soil textures within all the 
analysis areas are predominantly sUty to sandy loams with abundant coarse materials. Relative to 
soil texture characteristics, the analysis areas have a generally similar degree of moderate to high 
soil erodibility.
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CHAPTER 2: METHODS AND PROCEDURES
GlS-based analysis, field surveys, and air photograph interpretation were combined to 
examine relationships t»etween bum  severity and gully rejuvenation in first and second order 
drainage basins within the analysis areas. Bum severity was spatially defined and quantified in a 
GIS using a satellite-derived image map and confirmed by means of low-altitude air photo 
interpretation and ground observations. A new metric, the Bum Severity Distribution Index 
(BSDI), was introduced to quantitatively compare, on a continuous scale, relative bum  severity 
between drainage basins. The index was calculated from the satellite image map of burn severity 
classes. Rainfall amounts and distribution patterns were confirmed through NEXRAD images, 
rain gauge data, and field observations of rainfall effects. Landforms and landscape 
characteristics were described by GlS-based morphometric and spatial analysis of 30 meter 
digital elevation models (DEM) and digital topographic maps (digital raster graphics or DRGs). 
Following on the next page. Table 2 summarizes the methods and data sources used in the study.
The availability of low-altitude, 1:4200 scale aerial photographs and the presence of 
USGS and National Weather Services rain gages within or immediately proximate to the analysis 
areas significantly influenced the choice of the specific study locations. The USGS obtained the 
aerial photographs three months after the intense erosion episodes. The photos cover only 
portions the areas chosen for this study and no other areas within the fire complex. The map in 
Appendix A.1 shows the location of the rain gages within the analysis areas, the flight lines flown 
during the air photo survey, field routes used during the study, and USES roads. Study unit 
locations were arbitrarily limited to drainage basins within 5 km of the rain gages. This limit was 
intended to define zones surrounding gages where rainfall data extrapolation would be realistic. 
The selection of analysis areas was also influenced by considerations of accessibility and safety.
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Table 2: Summary of methods and data sources
Data Class Data description Purpose Tools or Source
Direct
observation
Walking survey of 
drainages
Confirm rainfall effects 
Determine erosion status of
Tools:
Pocket transit^
from field 
study
drainages
Assess local bum  severity 
Locate upslope terminus 
General impressions and 
ot)servations
Camera 
Tape measure 
GPS unit^
NEXRAD -  Storm Confirm geography of storm tracks Source; National
Rainfall data radar imagery relative to analysis areas Weather Service
Rain gauge data Rainfall intensity and duration 
during July 2001
Source: US 
Geological Survey, 
Helena, M P
Remote- 
sensed data*
Aerial photographs 
-  Scale: 1:4200,
1. Plan field strategies
2. Assess bum  severity
3. Locate/confirm location of 
upslope terminus of gullied 
drainages
Source: US 
Geological 
Survey /  Bitterroot 
National Forest 
(BNF)
Acquired: 6 
October 2001
Bum severity 
classification 
derived from 
Landsat 7
Primary reference for bum  severity 
distribution
Source: UM NTSG 
Landsat images 
acquired: Pre-fire -  
20 September 
1999; post-fire -  8 
October 2000
Stored data DEM -  30 m Extraction of elevation based 
metrics -  used as template to 
standardize all other GIS grids 
Elevation, Slope, Aspect
Source: US 
Geological 
Survey /  National 
Elevation Dataset®
DRG -  7.5 min. Delineation of drainage network Source: MT
1:24K and drainage basins 
Plan field strategies
NRISVUSGS
National Forest GIS Stand Inventory -  Dominant
species
Source: BNF GIS7
Geology and soils Parent geology. Soil taxonomy. Soil 
texture
Source: BNF GIS
1 Brunton Pocket Transit
2 Trimble GeoExpIorer III linked to GIS with Pathfinder Office software
3 Provided as electronic files from Chuck Parrett, USGS
4 Remote-sensed imagery and other geospatial data processed and synthesized using ArcView GIS 3.3 with Spatial 
Analyst
5 National Elevation Dataset is available a t  http://edcntsl4.cr.usgs.gov/W ebsile/seam less.htm
* Montana Natural Resources Informabon System, available at: h ttp://nris.state.m t.us/gis
 ̂USDA Forest Service, Bitterroot National Forest, Jim Fears
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The population of first-order, and some second-order, drainage basins within each 
analysis area watershed was evaluated. The primary independent variable was bum  severity 
distribution. Renewed gullying was the dependent variable. The study was controlled by 
ensuring that the observational units were characterized by broadly similar morphologic types 
represented by a wide range of bum  severity impacts.
Delineation of Study Basins
The primary observational units, first- and second- order drainage basins within the 
three analysis areas, were manually delineated within the GIS from digital raster graphic (DRG), 
7.5' USGS topographic maps. First drainage channels were defined following contour 
crenulations upslope to a maximum crenulation angle of 120®. The channels were assigned a 
stream-order value in accord with the Strahler method (Ritter, Kochel, and Miller 1978, p. 151). 
Drainage basin boundaries were manually delineated following divides defined by the contour 
lines in the DRGs. Observational units were primarily assigned as first-order basins. Some 
second-order basins were accepted as study units when it was determined first-order units 
would produce very small basin areas.
Calculation of Study Basin Metrics
Following basin delineation a series of metrics were calculated for each study basin 
within ArcView GIS 3.3 (Environmental Systems Research Institute, 2002). These metrics follow 
from the introductory discussion of topographic characteristics that influence the extent and 
degree of erosional response to flowing water on page 10. The metrics are itemized below with 
definitions as used in this study.
Basin metrics used in study;
Basin Area (km^): The plan view area of each study area, not adjusted for gradient;
calculated directly within the GIS.
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Basin length (km): The longest potential flowpath from the drainage divide to the 
drainage mouth; measured within the GIS from DRG topographic maps.
Channel length (km): Length of channels delineated per method in last section; distance 
calculated directly within ArcView.
Drainage density (km/km^): Calculated as total length of stream channels per unit area. 
Gradient (deg): Slope steepness expressed as the mean gradient over a land area; slope 
values were derived from a DEM using the ArcView Surface/  Derive Slope function: 
"Derive Slope identifies the slope, or maximum rate of change, from each ceU to its 
neighbors. The output slope grid theme represents the degree of slope (e.g., 10 degree 
slope) for each cell location." (From ArcView help files)
Relief ratio: A measure of overall basin steepness calculated as the ratio of the basin relief 
to basin length.
Length of overland flow (km): "(T)he (map) distance from a point on a divide down the 
direction of maximum land slope to the adjacent stream channel; (for a given land area, 
it) is approximately equal to the reciprocal of twice the drainage density (Chorley et al., 
1984 p. 318)."
Basin aspect The dominant basin aspect summarized as the Majority (modal) value from 
an aspect grid within the GIS: "Derive Aspect identifies the steepest down-slope 
direction from each cell to its neighbors." (From ArcView help files)
Elongation ratio: = dVLe: where dA -  the diameter of a circle with the area of the basin 
area and Lg = the drainage length (Chorley et al., 1984 p. 319).
Basin area, basin length, channel length were used to make comparisons and to calculate 
other metrics. Per the previous discussion of primary factors controlling erosion, five of these 
metrics, referred to hereafter as "primary metrics," were used to compare the study basins 
between the three analysis areas and relative to presence or absence of gully rejuvenation: 
drainage density, gradient, length of overland flow, aspect, and elongation ratio. The metrics 
were summarized by analysis area and the distributions graphed as histograms for further 
comparison.
While the importance of surface roughness was introduced on pg. 10, it was not directly 
quantified. Instead, roughness was qualitatively noted during fieldwork, especially where veiy 
apparent on rubbly hillslopes. The field observations are considered in Chapter IV during 
discussion of fire-related erosion responses. Furthermore, the yet to be introduced Bum Severity 
Distribution Index (BSDI) metric is used as a proxy measurement for changes in roughness 
relative to changes in vegetative cover.
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Btim Severity and Bum Severity Distribution Index
The bum  severity map used in this study was generated by Brown (2002, p. 50) by 
applying the Normalized Bum Ratio (NBR) technique (Key and Benson, 2001). This method 
compares the relative intensities of green before and after a wildfire thereby indicating the degree 
of vegetation loss from the bum. Two groups of researchers, working independently, tested and 
confirmed the general effectiveness and validity of using remotely sensed images to assess burn 
severity and other fire impacts upon vegetative cover (Viedma et al., 1997, p. 383; White et aL, 
1996, p. 125).
Following NBR procedures. Brown (2002, p 50) classified the bum  severity image into 
four categories; low, moderate low, moderate high, and high, with the assignment to each grid 
cell of an ordinal value of 1-4 representing one of these respective classes. A value of zero (0) was 
assigned to areas classified as "unbumed". This five-tier classification is consistent with the 
categories recently used in bum  severity research in Colorado (MacDonald et al., 2000, p. 63).
Bum Severity Distribution Index Equation
In order to quantitatively compare the relative bum  severity between study basins, a 
Bum Severity Distribution Index (BSDI) value for each of the three analysis areas and each study 
basin was calculated from data presented in Brown's (2002) bum  severity image map. The 
calculation was made as follows:
BSDI = y  I ^  * BSn
where:
BSu = bum severity rank n [0,4],
Aesn = area of drainage within bum severity rank n [0,4], and 
Ad -  total drainage area
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BSDI Calculation
The area of each bum  severity class was extracted using the GIS and then summed 
within each analysis area and study basin u n it The areas of each bum  severity class were then 
normalized by means of the total drainage area, yielding the proportion of area assigned to each 
bum  severity class. This proportion was then multiplied by the class value and summed to create 
the BSDI value. The BSDI is a quasi-continuous value that expresses an area-weighted average 
bum  severity by drainage. It does not measure distinctions between bum  categories. For 
example, a drainage with a BSDI score 3.5 is interpreted to contain proportionally more severely 
bumed land than one scoring 2.5. Figure 7 illustrates the overlay of the drainage polygon on the 
bum  severity grid layer within the GIS. Table 3 presents an example of this calculation as applied 
to drainage unit LC227 in the Laird Creek analysis area.
Storm Rainfall and its Spatial Distribution
Heavy rains from convective storms during July 2001 are known to have triggered 
erosion of some of the bumed basins in the analysis area (Personal communications, D. Gordon, 
BNF 9/14/2001). NEXRAD weather radar and tipping bucket rain gages recorded this rainfall. 
Field observations supplemented and confirmed relative rainfall intensity distributions.
Although each observation method produced somewhat imperfect results, their combination is 
thought to yield quite reliable data.
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Figure 7; GIS overlay of drainage area polygon on bum  severity grid for study unit in Laird
Creek, LC227.
Table 3: Example of BSDI calculation for study unit Laird Creek (LC227)
Laird Creek 
(LC227) Unbumed Low
Mod-
Low
Mod-
High High Sum
Area (m^) 9900 31500 18900 38700 9000 108000
Area
portion 0.09 0.29 0.18 0.36 0.08 1.00
Severity
Rank 0 1 2 3 4
Weighted
Severity 0.00 0.29 0.35 1.08 0.33 2.05 = BSDI
NEXRAD precipitation estimates
NEXRAD images were available for each of the three days during July 2001,15 July, 20
July, and 21 July, when gully rejuvenation is known to have occurred. The NEXRAD images were
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geo-referenced to match other GIS data through an image warping procedure in the CIS. This 
enabled direct evaluation of the storms' presence within the analysis areas. The NEXRAD images 
were only used to assess the spatial distribution of rainfall: The rainfall intensity values with the 
NEXRAD images were not used because tiiey are aggregated over a multi-hour reporting period 
and may be unreliable in mountainous areas (David Levinson, US Weather Service, Missoula, 
personal communication, 17 November 2002).
Recording precipitation gages
Tipping bucket rain gage data recorded within or very close to the analysis areas were 
provided by the USGS. The records extending throughout July 2001 were summarized in 5- 
minute increments. All study units lie within 5 kilometers of at least one gage. During field 
investigation, evidence of intense rainfall as indicated by surface disturbances and related erosion 
was noted and recorded in field notes, by photographs, and with a GPS u n it Special attention 
was given to observation of evidence of intense rainfall in analysis area locations remote from the 
rain gauges and where drainage channels had not been eroded or where erosion was not 
otiierwise explicitly evident
Erosion Status; Occurrence of Gully Rejuvenation and Location of Gully Heads
Erosion status, the occurrence of gully rejuvenation and the location of gully heads for
each of the 171 basins delineated in the analysis areas, was determined by direct and indirect
field observation and /or through the interpretation of high-resolution aerial photographs. More
than 88% of the erosion status calls were made by direct observation or air photo interpretation.
This combination of methods has t)een used in previous investigations of severe gullying in
forested mountain basins (Cannon, 2001, p. 173; Parrett, 1988, p. 57; Robinson et al., 1999, p. 191).
Observations of local bum  conditions and erosional features were recorded photographically and
in field notes. Although most incisions were readily identifiable, being cut below the "A" soil
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horizon, some were discontinuously incised in tiieir uppermost reaches. These were mapped as 
continuous gullies where the uncut sections were less than 10 m in length.
Delineation and characterization of contributing areas
The locations of gully heads mapped by field observation and air photo interpretation 
were transferred into the GIS and were used to delineate the contributing areas (CA) of gullied 
drainage lines. Using the gully head as a starting point each CA was digitized in the same 
manner used to delineate the study basins, described earlier in text (Delineation of Study Basins) 
where observational units were introduced. A BSDI value was calculated for each CA in addition 
to CA area, gradient, relief ratio, and elongation ratio using the same definitions used for the 
study basins and listed previously on page 19.
Uàta Analysis
Morphometries of delineated basins, bum  severity distribution, and rainfall data were 
described, summarized, and compared. Data were processed using GIS (ESRI ArcView GIS 3.3), 
spreadsheet (Microsoft Excel 2002), and statistics (SPSS for Windows v. 10) software packages. 
The resulting statistics were calculated to shed light on the spatial distributions of bum severity 
and rejuvenated gullies. The strategy was to compare the morphometries and bum severity 
distributions of gullied versus non-gullied basins, within and between analysis areas. Similar 
comparisons were made with the characteristics of the contributing areas of gullied basins.
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CHAPTER 3: RESULTS
Basin Delineation
171 study basins were delineated between the three analysis areas; 76 in LC, 77 in SCC, 
and 18 in TBC (Figures 8 and 9).
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Figure 8: Numbered study basins in the Laird Creek analysis area (The yellow areas in this and 
subsequent maps are inter-drainage areas not classified or analyzed in this study.)
27
114'
312 '315
316
3̂11, Study Basins 
Delineated 
from DRGs31$
3Ù1
308
102
lœ
1Û8 110
106
111
>112
113
14
— T16
11̂ 131'
128’
171
124
125
137163
£
tl33.161 J41
142
143
150
S le e p in g  C h ild
S tu d y  A rea I 
w ith Two Bear Creek
146
147
S 148
0.5 0.5
Figure 9: Numbered study basins in the Sleeping Child and Two Bear Creek analysis areas
Comparison of the Study Basins
The metrics were summarized by analysis area and tiieir distributions graphed as 
histograms for further comparison. A master table of metrics calculated for each of the study 
basins follows in Appendix B.l. Table 4 summarizes the basin metrics for all study basins and
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witiiin each of the three analysis areas and is the basis for comparing the similarity of the analysis 
areas. Appendix C.1 presents histograms of the frequency distribution of each of the five primary 
metrics. The analysis areas were essentially similar with the exception of aspect Overall, the SCC 
drainage basins are generally somewhat smaller, shorter, and steeper than those in LC and TBC. 
Three metrics are essentially the same -  drainage density, mean flow length, and elongation ratio. 
The mean value of the l>asins by analysis areas vary somewhat by drainage area, gradient and 
aspect
Table 4: Metrics used to compare morphologic similarity of observational units; mean values of 
the study basins overall and by analysis areas with deviation from overall mean by analysis area
except for the circular metric, aspect
Basin Metrics All LC SCC TBC
Mean Basin Area (km^) 0.17 0.22 0.13 0.19
% Deviation from overall mean 26% -28% 7%
Mean Basin length (km) 0.79 0.87 0.69 0.85
% Deviation from overall mean 11% -12% 7%
Mean Stream length (km) 0.58 0.66 0.46 0.70
% Deviation from overall mean 15% -20% 21%
Mean Drainage density (km/km^) 4.02 4.08 3.97 4.01
% Deviation from overall mean 1% -1% 0%
Mean Gradient (deg) 22.60 19.87 24.66 25.33
% Deviation from overall mean -12% 9% 12%
Mean Length of overland flow (km) ZOl 2.04 1.98 2.01
% Deviation from overall mean 1% -1% 0%
Majority Aspect 120 72 235 346
Deviation from majority -480 +1150 -1340
Mean Elongation ratio 0.55 0.56 0.55 0.55
% Deviation from overall mean 0% 0% 0%
The basin gradients in LC are somewhat lower than the overall mean, while those in SCC
and TBC are somewhat higher. The distribution of gradients in LC is skewed to lower values. The
distribution in SCC is relatively even, skewed somewhat to higher values. The distribution of
TBC is very similar to SCC but somewhat more skewed to higher values. While the mean
drainage density values are essentially identical between the analysis areas, the values are most
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evenly distributed in the SCC area. The distributions in the other two areas are somewhat 
normal and very similar. The mean length of overland flow (LOT) values are nearly the same in 
all analysis areas; the distribution of LOF values for all analysis areas is skewed to shorter 
lengths. The SCC and TBC distributions approach normal, skewed to shorter lengths. The LC 
distribution evidences somewhat shorter unit lengths and more units overall with long LOF 
values. The mean elongation ratios are essentially the same and the distributions are nearly 
normal and very similar. All study basins are somewhat elongated with modal class at 0.5-0.6.
The greatest difference between the analysis areas is aspect The aspect distribution of the 
basins within LC is nearly normal around the dominant NE aspect class. Over one-half of the 
basins are oriented over the range of N-NE-E aspects and no LC basins face SW. While over one- 
third of the SCC basins face either SW or W, the aspect distribution of the remaining basins has 
no apparent pattern. In the TBC analysis area, roughly equal numbers of basins face N-NW or S- 
SW, with none to the NE or W.
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Bum Severity Distribution
The satellite-derived NBR bum  severity image provided fine resolution mapping of bum 
severity within the analysis areas. Figures 10 and 11. Severity classification was verified by 
ground-truthing during field investigations and by interpretation of aerial photographs. In 
general, the bum  severity mapping was remarkably accurate with a reasonable association 
t)etween classification categories and evidence of bum  effects. However, the NBR severity image 
generally and systematically failed to accurately record conditions on slopes with NW aspect 
(292.5-337.5°). These areas are mapped in blue on the NBR maps referenced in Figures 10 and 11. 
The failure was especially apparent in SCC throughout drainage units 111-114 and 139-142. In 
these basins, the surfaces were generally bumed to mineral soils with all leaf materials and fine to 
small branches burned from the standing stems.
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Figure 10: Bum severity distribution in Laird Creek analysis area
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Figure 11: Bum severity distribution in Sleeping Child and Two Bear Creek analysis areas
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Btim Seveiity by Analysis area
The percentage of land area within the general bum  severity classes varied considerably 
within and between the study uiüts, thus providing a wide range of bum  conditions for analysis 
(Table 5 and Figures 12,13, and 14). Over three-quarters of SCC bumed with 63% classed as high 
severity. While just under one-half of LC was classed as unbumed, the predominate portion of 
the areas bumed and 37% of overall area was classed at high severity. Two Bear Creek 
experienced the lowest bum  effects with two-fifths of the land area classed as unbumed and the 
balance generally split between the four severity classes.
Table 5: Bum Classes by Percentage of Area
Laird Creek Sleeping Child Creek Two Bear Creek
BURN SEVERITY ha (ac) % ha (ac) % ha (ac) %
Unbumed or No Data 1086 2683 44% 329 812 22% 174 429 38%
Low 117 289 5% 37 92 3% 73 181 16%
Moderate-Low 108 268 4% 38 94 3% 54 133 12%
Moderate-High 225 556 9% 127 314 9% 83 205 18%
High 912 2252 37% 946 2340 64% 70 172 15%
Total 2448 6048 100% 1477 3653 100% 453 1119 100%
Laird Creek Sleeping Child Creek Tw o Bear Creek
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Figure 12: Relative bum  severity by analysis areas
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Bum Mosaics
The patterns of the analysis area bum  mosaics differed as well. High severity bum effects 
dominated and were commonly concentrated and continuous where they occurred. The burned 
areas in LC were concentrated in the lower half of the basin and were generally continuous from 
the northern to the eastem to southeast divides. Intermittent patches of mixed bumed severity 
extended up the three main branches of Laird Creek most commonly occupying southern 
aspects. The mosaic along these three branches was more heterogeneous and dominated by lower 
severity bums. Burned areas, broadly distributed throughout SCC, were dominated by large, 
continuous areas of high severity bum. Lower severity bums were distributed across many 
southern aspects (SE-SW) in the more rugged areas in the northem end of the analysis area. The 
few unburned areas were located to the extreme west and southern edges. In the TBC area, all 
slopes south of the creek were unbumed except two pockets of severe bum  within two basins 
and small patches along the southem divide which were continuous with severely bumed areas 
in s e e .  North of the TBC creek, the bum  mosaic was somewhat uniformly heterogeneous, being 
dominated by low to moderately severity bums.
BSDI Calculations
Bum severity values extracted in the CIS from the NBR image were used to calculate 
BSDI values for aU 171 basins in the study. The results are displayed graphically in Figure 13 and 
summarized in Table 6. Full tabulation of the results follows in Appendix B.Z
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Burn Severity Distribution Index
Table 6: Summary of basin BSDI statistics by analysis area
Analysis
area Mean Median Range Min Max Std Dev
A ll Basins 2.60 2.98 4.00 0.00 4.00 1.27
LC 2.53 3.11 4.00 0.00 4.00 1.35
s e e 2.94 3.31 3.97 0.03 4.00 1.10
TBC 1.48 1.72 2.83 0.20 3.03 0.91
Considering all 171 study basins, the drainage BSDI values ranged from 0.00,100% 
unburned, to 4.00,100% high severity bum, representing the full spectrum of bum severity 
classes. None of the distributions, by analysis area or overall, were normal The mean value 
overall was 2.60 and the majority of the values were above 2.00. The distribution was most even
36
in TBC covering a somewhat shorter range from 0.20 to 3.20. The distriounon of values in LC 
was somewhat less even, varied the greatest, and was modestly skewed toward higher values. In 
s e e ,  the values were heavily skewed to the upper end of the range.
Areal differences in BSDI
The choropleth maps based upon the BSDI classifications (Figures 14 and 15) illustrate 
the relative differences between the bum  severity conditions across the study basins. Within the 
eastem half of LC, basins characterized by relatively low bum  severities were interspersed 
among basins distinguished by moderate to high severity bums. The pattern was reversed 
among the western LC basins. Here a few moderately impacted units were located among 
generally low severity bum  to unimpacted units. In SCC, while die BSDI values were generally 
high, the unit map presents a mosaic of bum  effects among the units. A continuous block of 
severely burned basins in the east central portion of the SCC area represented the exception to 
the spatial variability of the BSDI values. The bum  effects within the TBC area were generally 
split along the line of the creek. Most northem basins had higher severity index ratings. The 
smaller, lower elevation basins to the north however had lower index values. The values of all 
TBC basins to the south of the creek fell below in the lower values range, below 2.00.
37
114°7 114*^5' 114-4-
Laird Creek 
Study Area
BSDI: Bum Severity 
Distribution Index
■ 0
■ >0 - 0.4
■ 0.4 - 0.8
□ 0.8 - 1.2
□ 1.2 - 1.6
□ 1.6-20
□ 2 0 -2 4
El 2 4 -2 8
■ 28 - 3.2
■ 3.2-3.6
■ 3.6 - 40
Channels
A
N
Figure 14: Results of BSDI calculations and classifications for the LC study basins.
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Rainfall Distribution
The NEXRAD storm track images from 15 July, 20 July, and 21 July 2001 along with 
records from the rain gages in the analysis areas support the reports of resource officials cited 
earlier of intense rainfall during at least three days in July 2001. All analysis areas were 
substantially within the boundaries of at least one of the three storm track zones recorded by 
NEXRAD weather radar on the days listed above. The extent of the NEXRAD storm tracks and 
the rain gages within the analysis areas are presented in Figure 16. The tipping bucket rain gage 
data including data from the 3 gages within the analysis areas is summarized in Table 7. The 
maximum rainfall intensities at LC occurred on July 20 and 21 and confirm eyewitness reports of 
intense rainfall followed by extreme flooding on these dates. No erosion was reported following 
the storms in the LC area on July 15. The highest 30-minute maximum overall occurred in the 
SCC area on 15 July with a second intense rainfall event on 21 July. There were no direct 
eyewitness accounts from the SCC analysis area but BNF officials are confident that the guhy 
rejuvenation in SCC was triggered by the July 2001 storms (Dennis Gordon, BNF, personal 
communication, 9/14/2001).
Table 7 :30-minute maximum rainfall values (mm/hr)
Gage location 15-Jul 20-Jul 21-Jul
Laird Creek at 93 7.9 10.7 13.7
Laird Creek Upper 7.9 10.7 9.4
Sleeping Child Creek 16.8 4.1 13.2
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Storms: July 2001
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Figure 16: NEXRAD storm tracks and rain gages in analysis areas. All storms overlapped. 
Substantial portions of 20 July storm (green) are obscured by storms tracks from the 15^ and 21*.
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Field evidence o f storm precipitation
Uncertainty of the uniformity of rainfall distribution over study basins remote from the 
rain gauges was minimized by direct observation. Evidence of recent soil erosion was found in 
areas remote from the rain gauges in both the LC and SCC analysis areas. Two series of basins in 
LC, LC 221 through LC 226 and LC 228 through LC 231 (Refer to Figure 8 for the location of these 
basins.), intersecting two higher elevation roads in the LC analysis area were located from 2 to 
nearly 3 kilometers from the "Laird Creek Upper" rain gage. Small fans of debris were common 
along the upslope side of the westernmost road, some fans extending the full width of road 
crown with small rills developed downslope l>elow the fans. At another location, a few meters 
below the intersection of the LC 231 drainage channel and the road, a small severely bumed 
patch, approx 80 meters square in an otherwise unbum ed area, was scoured to mineral soil 
(Figure 17).
Evidence of intense rainfall in SCC basins most remote from the rain gauge, 4 to 5 km 
away, was found along the southernmost tributary within the analysis area. This included basins 
SCC 146 through SCC 155 (Figure 9). The bum impacts in these basins varied from relatively 
unbum ed areas to high-severity bum. There was intermittent evidence of recent intense overland 
flow along the footslopes on both sides of the tributary. This occurred as detritus accumulated in 
small ridges perpendicular to the gradient on open slopes and in piles 5 to 10 centimeters thick 
on the upslope side of some trees and rocks.
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Figure 17: Ground surface scoured to mineral soils in drainage LC 231 2 km from Laird Creek 
Upper rain gauge. Local bum  impacts are relatively minor beyond illustrated patch. (June 2001)
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Erosion Status and Location of Rejuvenated Gully Heads
Of the 171 basins in this study, gully rejuvenation ("GR", hereafter; the abbreviation 
'^NoGR" will refer to absence of gully rejuvenation) occurred in 66 basins or 39% of the study 
population. Broken down by analysis areas, 34% (26 of 76) LC basins experienced GR, 51% (39 of 
77) in SCC, with only 6 % (1 of 18) in TBC (Table 8). Figures 18 and 19 illustrate the location of the 
rejuvenated gullies with associated basins and contributing areas (CA).
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Figure 18: Location of rejuvenated gullies and associated basins and CAs in the LC analysis area.
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Figure 19: Rejuvenated gullies and associated basins and CAs in the SCC and TBC analysis areas.
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Table 8: Occurrences of gully rejuvenation
GR
Count % GR
NoGR
Count % NoGR
Total
Count
Overall 66 39% 105 61% 171
LC 26 34% 50 66% 76
SCC 39 51% 38 49% 77
TBC 1 6% 17 94% 18
Rejuvenated drainage gullies in the LC analysis area were concentrated in the lower third 
of the basin. All impacted basins were immediately adjacent to at least one other severely eroded 
basin. The rejuvenated gullies in SCC were distributed along the full length of the analysis area, 
with a concentration along the eastem half. Ten basins in which no rejuvenation occurred were 
interspersed among the impacted basins. The single drainage that eroded in TBC was positioned 
along the southem section of the analysis area, sharing the divide with an eroded drainage in 
SCC. During field study, GR was found unexpectedly in very small basins in both LC and SCC. 
These rejuvenated gullies were not initially delineated from the topographic digital map using 
the 120® crenulation rule.
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GtiUy Distribatioa Relative to Bom Severity
Gully rejuvenation took place in almost all basins with high BSDI values. Figures 20 and 
21 indicate that rejuvenation occurred almost exclusively in basins that were impacted by severe 
to moderately severe bums during the year 2000 fires. There were a few obvious exceptions. 
Gully rejuvenation occurred in some basins with moderate to moderately low BSDI values: LC 
274, SCC 102,113,114,172,173, and TBC 302 (Locations mapped in Figures 8 and 9). Also, a 
number of basins with high BSDI values were stable, no gullying occurred. This was especially 
apparent with a cluster of 9 basins in the center of the LC analysis area, and basins located along 
the southwestern most tributary in the SCC analysis area.
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Figure 20: Rejuvenated gullies relative to bum  severity (BSDI) in LC analysis area
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Figure 21: Rejuvenated gullies relative to burn severity (BSDI) in SCC and TBC analysis areas.
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Figure 22 presents a frequency distribution of BSDI values by erosion status for all study 
basins. These values are summarized for all drainages and by analysis area in Table 9. (Refer to 
Appendix B.3 for a detailed table of metrics for all basins and Appendix B.4 for a table of values 
from which the frequency distribution histogram was constructed). The mean Bum Severity 
Distribution Index (BSDI) for all 171 study basins was 2.60. The mean BSDI for the 66 GR status 
basins was 3.44, strongly contrasting the mean value of 2.08 for the 105 basins without renewed 
gully erosion. The contributing areas (CA) of the 66 GR basins had a mean BSDI of 3.52. The 
frequency distribution of BSDI values for aU contributing areas is graphed in Figure 23. Just less 
than 75% of the NoGR basins had BSDI values less than or equal to 3.0. The vast majority, 86% of 
the eroded basins had a BSDI > 3.0 and the BSDI of 73% exceeded 3.4. Seventy-seven percent of 
the BSDI values for eroded basins equaled or exceeded 3.6. and nearly half of the BSDI values of 
the CAs exceeded 3.8. The variability of bum  impacts of the non-eroded, NoGR, basins, as 
measured with the standard deviation of BSDI values for all NoGR basins, overall and by 
analysis areas, was on average nearly twice that of the GR basins; the BSDI values of GR basins 
and their associated CAs were consistently and substantially higher.
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Table 9: Summary of BSDI statistics overall and by analysis area, for all basins, by erosion status
and for associated contributing areas of GR basins.
Area Status Count Mean Median Max Min Range s.d.
All All 171 Z60 198 4.00 0.00 4.00 1.27
No GR 105 2.08 2.31 4.00 0.00 4.00 1.28
GR 66 3.44 3.64 4.00 1.25 2.75 0.68
CA 66 3.52 3.79 4.00 0.86 3.14 0.76
LC All 76 153 3.11 4.00 0.00 4.00 1.35
NoGR 50 1 0 2 232 4.00 0.00 4.00 1.37
GR 26 3.52 3.59 3.98 1.25 173 0.52
CA 26 3.57 3.73 3.99 1.14 2.85 0.58
SCC All 77 194 3.31 4.00 0.03 3.97 1.10
No GR 38 143 156 4.00 0.03 3.97 1.18
GR 39 3.44 3.73 4.00 1.25 175 0.74
CA 39 3.53 3.95 4.00 0,86 3.14 0.84
TBC All 18 1.48 1.82 3.03 0.20 2.83 0.91
No GR 17 1.46 1.60 3.03 0.20 183 0.94
GR 1 1.84
CA 1 1.87
Gully Rejuvenation Relative to O ther Drainage Basin Metrics
The occurrence of gully rejuvenation was statistically analyzed, using the t-test for 
independence of sample means (SPSS Inc., 1999). Basins that experienced gully rejuvenation (GR) 
were compared to ungullied basins (NO_GR) by running separate t-tests on bum  severity and 
the primary study metrics, drainage density, gradient, length of overland flow, aspect and 
elongation ratio (Table 10). All comparisons were made assuming the null hypothesis that there 
were no significant differences between gullied and ungullied basins. The mean values were 
tested at 95% confidence using the p-value for two-tailed significance. The p-value was interpreted 
as the probability that the difference in mean values could happen t»y chance (George and 
Mallery, 2000, p. 130).
Comparisons were made between all basins and within the Laird Creek and Sleeping 
Child Creek analysis areas. Since only 1 of the 18 basins within the Two Bear Creek analysis area
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underwent gully rejuvenation, comparisons between analysis areas based upon erosion status 
(GK NoGR) are made only within and between the LC and SCC analysis areas and metrics from 
TBC were not lumped with those of the adjacent SCC basins.
Considering all study basins, the results of the t-tests indicate that bum  severity was 
most significantly different with a p-value < .005. The null hypothesis was rejected for bum  
severity leading to the conclusion that the most significant difference in the study basins relative 
to erosion status was bum  severity. Of the primary metrics used to compare differences between 
GR versus NoGR basins, the null hypothesis was only rejected for majority aspect the majority 
basin aspect values were significantly different relative to erosion status over all study basins. 
Within the Laird Creek analysis area there were also statistically significant differences in respect 
to drainage density, gradient, and flow length. In SCC, only the difference in bum  severity 
relative to erosion status was statistically significant
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Table 10: Tests for significance of difference of the primary metric values relative to erosion 
status, GR V. NoGR, compared Ijetween all basins and within the Laird Creek and Sleeping Child
Creek analysis areas
All Basins Metric Status N Mean S.D. t* Sig.**
BSDI GR
NO_GR
66
105
3,44
2.08
0.68
1.28 9.12 <0.005
Drainage density GR
NO_GR
66
105
4.20
3.91
1.28
1.72 1.25 0.214
Gradient deg GR
NO_GR
66
105
22.29
22.80
5.10
4.73 -0.66 0.512
Flow length GR
NO_GR
66
105
2 1 0
195
0.64
0.86
1.25 0.214
Aspect GR
NO_GR
66
105
150.61
182.10
90.68
103.43 -2.09 0.038
Elongation ratio GR
NO_GR
66
105
0.54
0.56
0.08
0.09 -1.20 0.233
LC Basins Metric Status N Mean S.D. t* Sig.**
BSDI GR
NO_GR
26
50
3.52
2.02
0.52
1.37 6.86 <0.005
Drainage density GR
NO_GR
26
50
4.70
3.75
1.52
2.14 2.22 0.030
Gradient deg GR
NO_GR
26
50
18.50
20.58
3.54
3.10 -2.54 0.015
Flow length GR
NO_GR
26
50
Z35
1.88
0.76
1.07 2.22 0.030
Aspect GR
NO_GR
26
50
115.42
154.76
54.39
90.94 -2.35 0.021
Elongation ratio GR
NO_GR
26
50
0.53
0.57
0.07
0.11
-1.57 0.120
SCC Basins Metric Status N Mean S.D. t* Sig.**
BSDI GR
NO_GR
39
38
3.44
2.43
0.74
1.18 4.48 <0.005
Drainage density GR
NO_GR
39
38
3.82
4.12
0.96
1.32 -1.12
0.267
Gradient deg GR
NO_GR
39
38
24.74
24.58
4.48
5.30 0.15
0.884
Flow length GR
NO_GR
39
38
1.91
2.06
0.48
0.66
-1.12 0.267
Aspect GR
NO_GR
39
38
170.79
201.58
102.11
125.58
-1.18 0.243
Elongation ratio GR
NO_GR
39
38
0.55
0.55
0.08
0.09 -0.26
0.792
*Equal variances not assumed for all independent samples. 
2-tailed significance reported
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Aspect Relative to Erosion Status:
Given the strong spatial associations of aspect with occurrences of guDy rejuvenation and 
the general understanding that aspect strongly influences fire behavior (Agee, 1993, p. 40) and 
thereby bum  severity, the mean BSDI values for each aspect class are plotted in Figures 24 
through 26. These plots illustrate the association of more pronounced bum effects in the aspect 
classes where GR occurred. For all 171 basins (Figure 24) the mean BSDI values generally 
correspond to the percentage of rejuvenated gullies within each aspect class: the higher the mean 
BSDI, the greater the percentage of the GR basins that fall within a given aspect class.
Correlations between the mean BSDI by aspect class and the frequency of GR drainages 
by aspect class were run in SPSS. The correlation for all basins was r  = .562 (2-tailed p= .147), for 
LC, r = .710 (2-tailed p= .049), and for SCC, r = .571 (2-tailed p= .140), with the only statistically 
significant correlation of mean BSDI to aspect class found with the GR basins of Laird Creek. This 
significant correlation corresponds to the significant difference in aspect by relative to erosion 
status demonstrated within LC in Table 10.
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Figure 26; Basin aspect relative to erosion status for Sleeping Child Creek study basins
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Contributing Areas and Gully Rejuvenation
As previously presented (Figure 22 and Table 9) the contributing areas (CA) of the GR 
drainages as a whole were consistently bumed more severely than the full areas of the basins in 
which the gullying occurred. The mean BSDI value for CAs was 3.52, compared to 3.44 for the 
full GR drainages and Z08 where GR did not occur. Overall, the morphologies of CAs were 
somewhat less steep and rounder than were their containing basins. The CAs varied widely in 
size and shape relative to one another and to the full basin in which they were delineated. There 
were no apparent relationships t)etween the size of CAs and the size of their containing basins.
Slope/Area Relationships o f Contributing Areas
Following the work of Montgomery and Dietrich (1989, p. 1907), the slope/area 
relationship of the CAs was explored to explore whether a similar relationship existed between 
the slope and area. The mean gradient metric proved to correlate less well with area than did an 
alternative expression of slope, the relief ratio. Modeled as a power function, the CA relief ratio 
was somewhat inversely correlated with CA size (R  ̂= 0.31). As presented in Figure 27, the 
gradient/area correlation among the CAs in SCC was higher (R  ̂-  0-43) than the correlation in 
LC(R2 = 0.25).
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Bttm Seoerity/Gradient/Area Relationships o f Contributing Areas
Following statements by Dunne and Leopold (1978, p. 51) and Heede (1972, p. 511), 
namely that vegetative cover plays a very critical role in controlling erosion, the relationship 
within contributing areas between gradient; area, and vegetative cover was explored widi the aid 
of a ternary diagram (Figure 28). BSDI acted as a proxy for the relative disturbance of vegetative 
cover. This proxy relationship is justified based upon the source of the bum  severity 
classification, specifically that the NBR method measures the difference in green reflectance and, 
therefore, the difference in vegetative cover before and following wildfire
Modeling this three-way relationship in this manner was not anticipated at the outset of 
the study and so was not accounted for in the methodology. To transform the data for use in a 
ternary diagram, the raw area data were first transformed to log values to compensate for the 
strong skew to lower values. Thereafter the data for each of the three metrics, relief ratio, log area 
(ha), and BSDI, were normalized over their individual ranges to adjust all three ranges to span 
from 0-0 to 1.0. Next the normalized metric for each CA was summed. Finally, the summed value 
was used to calculate the proportion of each metric in the bum  severity/gradient/area 
relationship. Refer to Appendix B.6 for the full set of data.
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Figure 28: Relationship between relief, area, and bum  severity for the contributing areas of
rejuvenated gullies.
The majority of the contributing areas are represented by the center cluster, B, where the 
relief/area/bum  severity relationship is characterized by moderately low area and relief and 
moderate bum  severity. In CAs where gradient is lowest, cluster A, there is a strong inverse 
relationship between bum  severity and area: The greater the burn severity, the less significant is 
the extent of area. Conversely, where the relief is largest, in cluster C, bum  severity is lowest and 
the extent of area varies.
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Anomalous Basins
Patterns of spatial correspondence between high severity bums and gully rejuvenation 
broke down with some basins, either because no gullies developed in some severely burned 
basins (referred to hereafter as "non-guUied, high-BSDI basins") or gullies developed where bum  
severity was modest (hereafter, "rejuvenated, low-BSDI basins"). Basins so characterized are 
referred to as anomalous. These exceptions were not anticipated at the outset of the study and so 
were not accounted for in the methodology. However, a number of basin conditions associated 
with these exceptions were revealed during field work, through air photo interpretation, and 
while exploring the data throughout the data analysis phase. These basin conditions appear to 
offer plausible explanations for the existence of some anomalies. A detailed table used to evaluate 
anomalous basins is located in Appendix B.7. Maps compiled from this data follow in Appendix 
A.2.
Anomalous basins were grouped according to whether their BSDI values exceeded 3.0 or 
3.5 (Table 11). The 3.5 threshold is very close to the mean value for all GR basins, and the 3.0 
threshold captures most values within the first standard deviation. Using both values provides 
two thresholds with which to evaluate the strength of the association betwem tiie areal extent of 
bum  severity and the occurrence of gully rejuvenation. Overall, the portion of non-guUied, high- 
BSDI basins (16% of all in the study) was somewhat greater than the number of basins where low 
BSDI values coincided with GR (11%). There were more cases of basins with severe bum that 
were stable than gullied basins with low bum  effects. AH this difference was accounted for in the 
LC analysis area where one-fifth of the drainages had high BSDI values without GR and about 
8 % experienced GR with low BSDI values.
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Table 11: Inventory of Anomalous Basins by Bum Severity and Gully Rejuvenation
Rejuvenated, low-BSDI basins Non-guUied, high-BSDI basins
Area
BSDI 
<3.5 & 
^3.0
BSDI
<3.0 Total
% All 
Basins
BSDI
>3.5
BSDI 
>3.0 & 
<3.5
Total % All Basins
All
Basins 9 9 18 11% 17 11 28 16%
LC 5 1 6 8 % 8 8 16 21%
SCC 4 7 11 14% 9 2 11 14%
TBC 0 1 1 6% 0 1 1 6 %
Rejuvenated Low^BSDI Basins
Two circumstances appear to explain the occurrence of gully rejuvenation in basins with 
low bum  severity. The first involves incidents of erroneous NBR severity classification (7 cases of 
18) and the second relates to the relative locations of severe bum  within basins (6 cases of 18).
One or both of these circumstances occurred in all but one gullied, low-bum basin t>elow the 3.5 
threshold and in 5 of 9 below the 3.0 threshold. Gullying that occurred in the remaining five low- 
bum  basins remains unexplained.
The NBR bum  severity classification procedure consistently under classified bum  
severity in NW aspects over the range of 292.5 -  337.5 degrees. (Refer to areas shaded in light 
blue on the maps in Figures 10 and 11). These errors became apparent during field study and 
subsequent review of the air photos showing where vegetation was fully consumed in areas 
classified as lightly burned or not bumed at all. The NW under-classification characterized TBC 
302, LC 201 and 214, and SCC114,102,113, and 142.
Concerning the relative location of severe bums within some gullied basins with low- 
bum  values, the mosaic of different bum  classes within these basins was generally complex. 
However, severe bums generally dominated near drainage divides, whereas large areas at lower 
elevations within basins were less severely bumed. This led to lower mean BSDI values for the 
full basins (2.30 -  3.31) but very high BSDI values (3.31 - 4.0) in their respective contributing
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areas. This occurred in five SCC basins (SCC 111, 114 -  117) and two in LC (207,275). The five 
basins in SCC were also influenced by the NW misclassification; low BSDI values therefore 
reflected a combination of these two conditions.
Conditions in the five remaining Low BSDI/GR basins were less straightforward, though 
the physical and vegetal conditions for four were atypical. Three basins in SCC (172,173, and 
177) exhibited lightly forested slopes dominated by rock rubble; one in LC (274) was substantially 
smaller than most basins and dominated by grasslands. The BSDI for the remaining drainage (LC 
271) was 3.37, below the 3.5 threshold, but still within the 3.0 lim it 
Non-guUied High-BSDI Basins
There were three dominant conditions associated with high BSDI values in basins where 
GR did not occur: low basin gradient (sometimes coupled with elongated basins), dense riparian 
vegetation, and the concentration of severe bum on sideslopes at lower relative elevations within 
basins, locations that were remote ft-om the basin headslope and basin hollow. These conditions 
pertained to only 6 of the 17 basins above the 3.5 threshold and to 8 of the 11 additional basins 
exceeding the 3.0 threshold. For the remaining 11 at the higher 3.5 level and the additional 3 at 
3.0, the conditions checking gully rejuvenation in severely bumed basins were vague, though 
some common conditions or combinations of conditions were discernible.
The correspondence of low gradients, sometimes coupled with drainage elongation, was 
common among non-guUied, high BSDI basins. Mean gradient for these basins ranged from 15 to 
18 degrees, most at the lower value, compared to the higher mean gradient of over 22 degrees for 
all study basins. The elongation ratios for half of these basins were 0.5 or less, indicating these 
basins were less compact and less flashy. These severely bumed, low gradient, elongated basins 
were most common in LC, clustered in the center and the north central portion of the analysis 
area (LC 238,240,253-55, and 259). Two low gradient basins with high BSDI and no GR, but not 
unusually elongated, were located at opposite ends, N and S, of the analysis area (SCC 108 and 
148).
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Unusually dense riparian conditions characterized three non-gullied high BSDI basins in 
LC (LC 215,266, and 267). Midway up all three drainages riparian vegetation was exceptionally 
tiiick and the ground was saturated. There were blackened remains of previously dense thicket 
In the see /T B C  areas, basins TBC 314, SCC 136 and 155, severe bum  impacts generating BSDI 
values greater than 3.0 were found to be concentrated in lower portions of the drainage, remote 
from the basin divide.
In other non-gullied high BSDI basins, combinations of conditions were co-incident with 
BSDI values greater than 3.5. These included relatively lower gradients, greater elongation, dense 
riparian vegetation, and /o r evidence or lower pre-fire vegetation density. In two relatively steep 
but small basins (LC 237 and 235) deep (up to 0.5 m) intermittent rills formed but continuous 
gully rejuvenation did not occur.
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CHAPTER 4: DISCUSSION 
Gully Rejuvenation in Response to Wildfire Bum Severity
Most gully rejuvenation occurred within drainage t>a$ins with where large portions of 
the basin were severely bumed, especially where severe bum  was concentrated in the upper 
extent of the drainage. The morphologies of the study basins were substantially similar. The 
distribution of the rainfall trigger events was relatively uniform and, while some uncertainties 
about rainfall distribution remain, ttiey are reasonably minimal. All the basins units in the study 
received essentially the same rainfall in p u t The lack of guUy rejuvenation in response to the rain 
at ostensibly favorable sites indicates that intense rainfall alone was not sufficient to initiate gully 
rejuvenation. Overall, the spatial correspondence of gully rejuvenation with severe bum was 
stronger and more consistent than the correspondence of gully rejuvenation with any other 
morphologic variable studied except for aspect, which is discussed below.
Given generally similar landform morphologies and rainfall trigger events, gully 
rejuvenation is more likely to occur where relatively large portions of a watershed experienced 
high severity bums, especially where severe bum is concentrated in the upper portion of the 
basin, near the upper drainage divide. Given that bum  severity indicates degree of vegetative 
disturbance and loss from wildfire, these conclusions are consistent with the general statement 
that vegetation and soil conditions are the most important erosion control variable (Dunne and 
Leopold, 1978 p. 511). The BSDI may be viewed as a proxy for vegetative changes and alterations 
to soil surface conditions following wildfire and therefore a means to quantitatively compare 
relative bum  impacts between any landscape units reasonably defined within the extent and 
resolution of the bum  severity map.
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Evalaation of ttie Bum Severity Distribution Index, BSDI
The BSDI proved to be an effective classification and evaluation tool. Where evaluating 
potential erosion response following wildfire, die BSDI may be viewed as proxy for the relative 
areal extent of vegetative changes and alterations to soil surface conditions within bumed 
watersheds. This proxy relationship is justified based upon the source of the bum  severity 
classification, specifically that the NBR method measures the difference in green reflectance and 
therefore the difference in vegetative cover before and following wildfire. The BSDI provides a 
systematic, reproducible means to quantitatively compare relative bum  impacts between 
watersheds or any other meaningful landscape units impacted by fire. It should be useful as a 
tool to prioritize treatments of bumed areas relative to other resource values at risk.
Exceptions to High BSDI Values Associated w ith Gully Rejuvenation
The few exceptions to the association of high BSDI with GR, coupled with the obvious 
and reasonable explanations for the majority of these exceptions, serves to reinforce the validity 
of using BSDI as a predictor of GR following wildfire: the potential for gully rejuvenation 
following wildfire is greatest where large portions of a watershed are severely bumed as 
calculated from satellite derived, bum  severity images. The cases where no guUy rejuvenation 
took place despite concentrations of high BSDI values are reasonably explained by the presence 
of other factors within the severely burned basins. These factors appeared to have attenuated 
erosion response, preventing gully rejuvenation. They included, alone or in combination, low 
gradients sometimes coupled with drainage elongation, dense riparian vegetation, and the 
concentration of severe bum  at locations remote from the basin headslope and basin hollow. 
Low gradients limited erosive power. Greater elongation minimized flow concentration. Dense 
riparian vegetation, also limited erosive power, probably through increased surface roughness 
and soil strength.
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No GuUy Rejuvenation w ith High Bum Effects
Concerning no gullying where severe bum  impacts were located relatively low in the 
basin, at sites located closer to the basin mouth than the basin divide, runoff from more elevated 
tracts was limited by the presence of less disturbed vegetation upslope. These relatively low- 
elevation, bumed areas probably were not sufficiently large and /o r did not provide flow 
distance sufficient to trigger gullying in the lower at tiie basin channel The geometry of 
sideslopes versus the basin hollow may also play a significant role. Given the concave, dish shape 
of hollows, many flow lines converge at one point, focusing erosive forces into the drainage 
channel. Rills from sideslopes, however, generally impact the drainage channel at multiple 
points, thereby distributing erosive energy along tiie channel course.
Gully Rejuvenation with Low Bum Effects
Where gully rejuvenation occurred and BSDI values were low, similar factors serve to 
reasonably explain most of the exceptions to the otherwise strong spatial correspondence of gully 
rejuvenation with high BSDI values in most study basins. The first dominant factor was the 
systematic failure of the NBR procedure to identify severe bum  on northwest aspects. This 
caused significant depression of BSDI values and underrepresented the actual bum  severity 
conditions. The second factor was the location of areas of high severity bum  near the drainage 
divide in basins fiiat otherwise experienced relative low bum  impacts overall. In these cases the 
areal averaging method used to calculate the BDSI underemphasized the significance of severe 
bum  near the drainage divide. Again related to headslope hollow geometry, once severe bum 
removes the protective vegetative cover, the general dish shape of drainage hollows probably 
leaves these areas most vulnerable to rapid runoff concentration leading to focused erosive forces 
into the upper drainage channel. In these cases where severe bum  was concentrated on the 
headslopes and in the basin hollow gullying initiated even where the lower basin slopes were 
substantially unbumed.
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Implementation of BSDI Procedures
While the BSDI metrics used in this study were derived from current Normalized Bum 
Ratio (NBR) procedures, the procedure is not specifically dependent upon NBR. It may be 
calculated from any other procedure that reliably discriminates, classifies, and maps relative 
differences in bum  severity. The BSDI approach will likely become more effective with advances 
in remote sensing technologies and processing procedures, and with refined interpretation of 
wildfire satellite images.
Gully Rejuvenation Relative to Morphologic Variability
While none of the key metrics consistently offered the explanatory power of BSDI to 
account for the occurrence and distribution of gully rejuvenation, some of their variations merit 
discussion. These include differences in drainage density, gradient, and flow length relative to 
erosion status found in the LC analysis area. The strong association between aspect and gully 
rejuvenation across all study basins especially warrants consideration.
Consequences o f Using Second~order Basins
Addressing the differences in LC between gullied and non-gullied basins relative ix>
drainage density, gradient, and flow length, part of the variability probably reflects the
consequences of the decision to delineate many upper elevation basins at the second-order
delineation rather than first First, recall that bum  severity was generally and significantly lower
in the upper elevation basins. Using second order delineation over these steep areas near the
upper drainage divide especially inflated the mean basin gradient of the non-gullied basins.
Second-order delineation of these basins with low burn severity therefore overemphasized the
association of no gully rejuvenation with higher relief.
This begs the question: In future studies should delineation of study drainage basins be
kept at the first-order level? Recall the original justification stated in the methods section for
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delineating basins at both order levels: "Some second-order basins were accepted as study units 
when it was determined first-order units would produce very small basin areas." It was expected 
that very small first-order sub-basins would produce misleading results. Even though inflated, 
the association between gullying and relief was weaker than the robust association between 
gullying and bum  severity. Therefore the role of relief in post-fire erosion response is considered 
secondary to the areal extent of bum  effects. The question of which basin orders to use should 
probably be best left for the individual researcher and the circumstances of the study. The 
possible consequences of delineation decisions should be actively considered during data 
analysis.
Association o f Aspect with Bum Seventy and Gully Rejuvenation
Recall that Figures 24 through 26 demonstrated that mean BSDI values within the SW 
and W basins, aspects within which gulling was most common, were substantially higher than 
for all other aspects; high severity bum  occurred within these basins. Part of this strong pattem of 
association between aspect and BSDI values is explained by the underreporting of severe bum 
incidence in the NW aspects. Had these areas been accurately measured by the NBR classification 
procedure, the BSDI values for gullied basins with NW aspects would have been very high. 
Nonetheless, the pattem of GR incid«ice in SW to W aspects was very strong. Both associations 
within the SW to W aspect with gullying and high severity burn were very clear.
The Aspect Caveat
The question of the strong patterns of spatial association of aspect with bum  severity and
rejuvenated gullies raises the chicken and egg conundmm. Was gully rejuvenation more
common within SW to W aspects because of aspect influences independent of fire or because
severe fire impacts leading to severe erosion were more common within this aspect range?
Relationships between aspect and fire behavior are generally well established (Agee, 1993, p. 40)
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whereas established relationships between aspect and erosion behavior (Easterbrook, 1993, p.35), 
though some have been explored (Canfield, 2001, p. 1), appear more tenuous. Given the 
established relationships between aspect and fire, the position is taken here that the strong 
association tietween aspect and gully rejuvenation found in this study is probably due to the 
more extreme bum  effects in the SW to W aspects more than any influence of aspect upon erosion 
independent of fire. The relationship between fire, aspect, and erosion bears further consideration 
in future studies.
The Relationship between Gradient, Area, and Bum Severity in Contributing Areas
Consistent with Montgomery and Dietrich's (1989, p. 1907) work, the correlation between 
the size and the gradient of the contributing areas of the rejuvenated gullies in this study 
demonstrated a modest inverse relationship. The use of the ternary diagram (Recall Figure 28) 
constitutes an extension of this slope/area relationship for contributing areas. Including the BSDI 
into the structured comparison as a proxy for vegetative disturbance, the previous slope-area 
relationship can be evaluated as influenced by this third erosion control factor.
The ternary diagram revealed strong evident relationships among its triad of variables. 
Many gullied basins with low BSDI values also had greater relief and /o r larger contributing 
areas than gullied basins with high BSDI values. This indicates that higher gradient and/or larger 
areas in which flow can concentrate may be more prone to extreme erosion even though bum 
impacts are relatively moderate. Conversely, severely bumed basins can be more prone to 
extreme erosion though having low gradients and /o r potentially smaller areas for flow 
concentration; where bum  effects are the most severe, less area with lower gradients is required 
for the accumulation of volumes of runoff sufficient to trigger gully rejuvenation. This strongly 
suggests the existence of critical thresholds of extreme erosion response relative to severity of 
bum  effects, a threshold that may be evaluated quantitatively using the BSDI procedure and 
geomorphometric analysis of bum  areas.
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Predictive Model for Extreme Erosion Response Following W ildfire
The proceeding discussions lead to the following proposed model, which may be useful 
for predicting the potential for extreme erosion response following wildfire. The model predicts 
erosion potential within first-order basins and considers bum  severity, measured by the BSDI 
procedure, as the primary indicator of erosion response. The next most important factor is the 
relative location of bum  effects within the basin, in the upper half including the headslope and 
basin hollow, or on sideslopes in the lower half of the basin. Thereafter the model accounts for 
three other factors that influence erosion response: presence or at>sence of dense riparian 
vegetation, mean basin gradient and elongation. The model assumes accurate bum classification, 
uniform rainfall distribution as the potential erosion trigger, uniform geology, soils and surface 
roughness, and no other potentially destabilizing conditions (e.g. recent landslides or unstable 
roads).
To use this model drainage basins in bumed areas are first delineated at the first- or 
second order level per operator judgment as indicated by the morphology of the landscape being 
analyzed. A digital elevation model is acquired, processed, and used to derive gradient and 
elongation metrics. BSDI values are derived firom bum  severity image maps as described in 
Chapter 2. Condition of vegetation in drainage channels is determined from air photo 
interpretation an d /o r field inspection as time and resources perm it The information can then be 
processed through the flow chart in Figure 29.
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Figure 29: Predictive model for erosion response following wildfire
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Recommendations for Farther Study
The results of this study lead to several suggestions for further study:
1. Test the predictive power of BSDI classihcation relative to GR in other locations. Initially, 
calibrate the procedure by applying it other sites where gully rejuvenation followed the year 
2000 Bitterroot valley wildfires. Thereafter, test the model over areas throughout the 
Mountain West where in recent years severe gully rejuvenation followed wildfire to asses the 
association of high BSDI values with gullying. Finally, apply BSDI analysis in freshly bumed 
areas to identify basins where potential for severe erosion is high. Monitor these areas to 
inventory erosion response and compare the observed responses to BSDI-based predictions.
2. Use tiie BSDI analysis to guide the location of post-fire treatments within bumed basins. 
Compare the effectiveness of concentrating treatments across headslopes and within the 
hollows of severely burned basins versus treatment on sideslopes and directly within the 
drainage channel.
3. Explore methods to build upon the BSDI approach to take full advantage of the spatially 
explicit bum  severity mapping available from satellite images. Integrate this quantitative 
approach to vegetation disturbance with other morphologic metrics to refine which 
combination of metrics most effectively identifies sites with the greatest potential for severe 
erosion given sufficient rainfall triggers following wildfire. Given the previously reported 
finding that gully rejuvenation is more likely to occur where relatively large portions of a 
watershed experienced high severity bums, revise the BSDI procedure to be more spatially 
explicit within first order basins.
4. Conduct experiments to quantify the magnitude of severe erosion response including the 
volume and size distribution of eroded sediments. Study these responses relative to the 
distribution of bum  effects and slope gradients and as functions of the area, shape, and relief 
ratios of full basins and the associated contributing areas. This knowledge will lead to better
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understandings of the location and mechanisms of gully initiation and may be useful for 
guiding treatment plans in severely burned areas.
5. Design a study to explore the relationships between aspect wildfire, and post-fire erosion to 
determine the interaction of the three and how aspect independently effects post-fire erosion, 
if indeed it does.
Summary and Conclusions
Intense convection storms triggered severe gully erosion during the summer of 2001 in 
many watersheds impacted by Üie wildfires of the Bitterroot fire complex one year earlier. A 
geomorphic analysis was conducted of three areas impacted to varying degrees by wildfire and 
severe erosion. The purpose of the analysis was to assess the spatial relationship between bum  
severity and gully rejuvenation. A new metric, the Bum Severity Distribution Index or BSDI, was 
used to quantitatively compare on a continuous scale tiie relative degree of bum  severity 
between first- and second order drainage basins. Erosion status, whether or not gully 
rejuvenation occurred, was determined through field study and air photo interpretation.
Gully rejuvenation occurred in one-third of the basins studied. Given evidence of 
somewhat uniform rainfall distribution, the occurrence or absence of gully erosion could not be 
explained by rainfall alone. The BSDI values were very high for the vast majority the gullied 
basins. By comparison, the BSDI values for ungullied basins were consistently low with few 
exceptions. No other morphological metric, with the exception of aspect, was as strongly or as 
consistently associated with the spatial distribution of gully rejuvenation as was bum  severity. 
While gullying was strongly associated with SW to W aspects, bum  severity within this aspect 
range was also high, leading to the conclusion that aspect did not influence gullying independent 
of wildfire.
Severe erosion occurred in basins where overall bum  effects were moderate but where
severe bum  was concentrated near the upper elevation basin divide. Conversely, where severe
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bum  was concentrated in lower élévation areas within basins, many basins remained stable and 
no gullying occurred. These findings indicate that potential for severe post-fire erosion is greatest 
where severe bum  effects are concentrated across the basin headslope and within the basin 
hollow. Where bum  impacts are only concentrated on sideslopes at relatively lower basin 
elevations, the potential for severe erosion may be relatively low. The vegetation condition on 
headslopes and within basin hollows appears to most strongly determine the relative stability 
coUuvial materials accumulated within the potential flow channels of basins.
The general success of the use of the ternary diagram demonstrated in this paper 
suggests it may prove fruitful to explore this approach further. The BSDI appears to be an 
effective metric where assessing tiie degree of vegetative disturbance following wildfire. Use of 
the BSDI in the ternary diagram as a proxy for vegetation erosion controls is a logical extension 
slope/area relationship established by other researchers. This application of the a temary 
diagram witii the BSDI metric demonstrated logical relationships between the degree of 
vegetation disturbance, slope gradient and the size of the contributing area in basins where gully 
rejuvenation occurred.
Figure 30: Field crew November 2001. Thank you.
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A. Maps
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Èî k4
MW
1 km
Figure 31: Rain gages, flight lines, field study routes and roads in Laird Creek
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Figure 32: Rain gages, flight lines, field study routes and roads in Sleeping Child
and Two Bear Creek areas.
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2. Exceptions to correspondence of high BSDI values with gully rejuvenation
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Figure 33; Exceptions to BSDI/Gully Rejuvenation correspondence in the
Laird Creek analysis area
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Figure 34: Exceptions to BSDI/Gully Rejuvenation correspondence in the Sleeping Child and
Two Bear Creek analysis areas
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B. Data Tables
1. Metrics Calculated for All Study Basins (N = 171)
Link
Field
analysis
area
Basin
ID status order h ectares acres
length
(km) BSDI relief
drainage
density
slop e
grad LOF aspect
elo n g
ratio
1 SCC 101 NO_GR 1 7.20 17.80 0.582 2 4 2 270 3.514 26 0.14 224 0.520
3 SCC 102 GR 1 15.19 37.53 0.959 2 3 5 294 4.316 21 0.12 296 0.459
4 SCC 103 GR 1 6.83 16.88 0.674 3.84 290 3.971 26 0.13 258 0.437
6 SCC 104 GR 2 17.06 4 2 1 5 0.989 3.55 455 5.275 27 0.09 197 0.472
8 SCC 105 GR 2 26.28 64.95 1.077 3.65 496 3.707 28 0.13 236 0.537
10 SCC 106 GR 2 23.74 58.66 1.090 3.66 489 4.782 27 0.10 209 0.505
12 SCC 107 NO_GR 1 7.83 19.34 0.697 3.ra 284 4.308 23 0.12 208 0.452
13 SCC 108 N O G R 1 27.09 66.94 0.882 3.55 258 2 8 6 0 17 0.17 113 0.666
14 SCC 109 NO_GR 1 5.36 13.25 0.411 3.92 165 3.963 21 0.13 219 0.638
16 SCC 110 GR 1 23.91 59.08 0.783 3.97 326 1.385 23 0.36 220 0.705
18 SCC 111 GR 1 29.09 71.89 0.976 3.18 406 2.203 26 0.23 244 0.624
19 SCC 112 NO_GR 1 14.62 36.12 0.796 2 0 3 348 2 9 2 5 25 0.17 295 0.542
21 SCC 113 GR 1 1 2 1 7 30.08 0.680 1,40 330 2631 28 0.19 298 0.580
22 SCC 114 GR 1 7.86 19.41 0,643 2.30 357 5.253 31 0.10 291 0.493
25 SCC 115 GR 1 4.39 10.86 0.483 2.83 252 3.659 32 0.14 283 0.490
27 SCC 116 GR 1 13.69 33.84 0.881 3.03 428 4.372 28 0.11 256 0.474
28 SCC 117 GR 1 6.18 15.28 0.567 3.31 304 4.742 31 0.11 255 0.496
30 SCC 118 NO_GR 1 5.98 14.77 0.533 2 7 2 248 4.450 27 0.11 215 0,519
31 SCC 119 GR 1 16.08 39.74 0.921 3.99 216 4.832 15 0.10 214 0.492
33 SCC 120 NO_GR 1 5.80 14.33 0.568 4.00 173 3.155 18 0.16 279 0.478
34 SCC 121 GR 1 8.28 20.46 0.603 4.00 196 3.253 19 0.15 269 0.539
37 SCC 122 GR 1 7.64 18.89 0.652 4.00 232 3.816 22 0.13 288 0.477
38 SCC 123 GR 1 6.93 17.12 0.628 3.73 292 5.725 27 0.09 271 0.472
40 SCC 124 GR 1 16.70 41.27 1.019 3.76 473 5.036 28 0.10 249 0.453
4 2 SCC 125 GR 1 15.62 38.60 0.877 3.82 396 2.297 26 0.22 220 0.507
44 SCC 126 NO_GR 1 5.50 13.59 0.503 3.98 219 5.655 27 a o 9 188 0.526
46 SCC 127 GR 1 10.31 25.49 0.742 4.00 249 3.913 20 0.13 144 0.488
48 SCC 128 GR 1 3 2 0 2 79.12 1.233 4.00 348 3.263 19 0.15 128 0.518
49 SCC 129 GR 2 48.75 120.47 1.485 3.96 289 3.650 16 0.14 128 0.531
51 SCC 130 GR 2 33.35 8 2 4 0 1.237 3.95 270 3.580 18 0.14 156 0.526
54 SCC 131 GR 2 49,16 121.48 1.246 3.77 246 3.449 18 0.14 267 0.635
55 SCC 132 GR 1 4.34 10.73 0.378 3.51 210 3.721 32 0.13 282 0.619
57 SCC 133 GR 1 7.52 18.59 0.465 3.98 250 1.893 29 0.26 218 0.665
6 0 SCC 134 GR 1 3.87 9.57 0.326 3,95 141 3.410 25 0.15 180 0.684
62 SCC 135 GR 1 4.21 10.40 0.326 3.54 126 4.190 24 0.12 179 0.709
63 SCC 136 NO_GR 1 3.80 9.39 0.368 3.43 127 3.842 21 0.13 184 0.598
65 SCC 137 GR 1 10.93 27.01 0.650 3.84 227 3.358 21 0.15 276 0.573
66 SCC 138 GR 1 5.12 1 2 6 6 0.480 4.00 171 4.078 23 0.12 226 0.531
68 SCC 139 GR 1 10.74 26,54 0.564 3.95 210 3.505 23 0.14 235 0.654
71 SCC 140 GR 1 5.39 13.32 0.488 3.87 177 4.074 23 0.12 329 0.537
72 SCC 141 GR 1 10.90 26.93 0.613 3.60 228 2 8 2 6 22 0.18 280 0.608
75 SCC 142 GR 1 11.88 29.35 0.701 3.27 259 3.286 24 0.15 294 0.555
77 SC C 143 GR 1 5.79 14.30 0.600 3.57 276 3.948 26 0.13 278 0.453
78 SCC 144 NO_GR 1 7.35 18.15 0.663 2.24 277 5.507 25 0.09 31 0.460
79 SCC 145 NO_GR 1 4.16 10.28 0,466 0.24 221 4.952 29 0.10 12 0.496
80 SCC 146 NO_GR 13.75 33.96 0.643 1.51 238 4.423 22 0.11 284 0.650
81 SCC 147 NO_GR 1 15.90 39.28 0.745 2.67 236 3.547 21 0.14 317 0.604
82 SCC 148 NO_GR 3 2 6 4 80.65 0.949 3.88 256 2 3 1 3 18 0.22 358 0.679
83 SCC 149 NO_GR 1 4 .87 12.04 0.416 4.00 165 3.306 25 0.15 140 0.600
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Link
Field
analysis
area
Basin
ID status order hectares acres
length
(km) BSDI relief
drainage
density
slop e
grad LOF aspect
e lo n g
ratio
84 SC C 150 NO_GR 2 24.48 60.49 0.926 2 8 6 287 4.098 22 0.12 127 0.603
85 SCC 151 NO^GR 1 21.14 5224 0.949 23 1 309 3.474 21 0.14 88 0.546
86 SCC 152 N O G R 1 9.01 2Z26 0.726 2 3 9 240 5.411 20 0.09 117 0.466
87 SCC 153 NO^GR 1 9.63 23.79 0.787 2 8 2 257 6.083 21 0.08 135 0.444
88 SC C 154 NO_GK 1 3.52 8.70 0.462 2 7 8 221 6.314 28 0.08 132 0.457
89 SCC 155 NO^GR 1 3.79 9 .37 0.417 3.18 196 3.132 29 0.16 119 0.527
90 SCC 156 NO_GR 1 6.31 15.60 0.579 2 3 9 325 5.460 31 0.09 68 0.489
91 SCC 157 NO ,G R 1 5.50 13.59 0.562 3.77 315 5.818 33 0.09 67 0.471
92 SC C 158 NO_GR 1 15.99 39.51 0.704 1.72 322 1.287 28 0.39 19 0.641
93 SC C 159 NO_GR 1 4.55 11.24 0.704 2 2 7 293 4-348 31 0.11 36 0.344
94 SC C 160 NO_GK 1 9.83 24.30 0.640 1.09 263 3.194 23 0.16 6 0.552
95 SCC 161 NO_GR 1 29.76 73.54 0.937 2 1 9 332 2.490 25 0.20 86 0.657
97 SCC 162 GR 1 5.26 1Z99 0.360 3.95 290 4.962 30 0.10 99 0.722
98 SC C 163 NO_GR 1 14.52 35.88 0.688 2 4 8 326 3.097 27 0.16 49 0.625
99 SCC 164 NO_GR 1 9.56 23.61 0.716 0.83 200 1.677 18 0.30 336 0.488
100 SC C 165 NO_GR 1 11.67 28.83 0.778 0.03 183 3.966 18 0.13 321 0.496
101 SC C 166 NO.GR 1 9.09 22.47 0.631 0.26 145 4.165 15 0.12 9 0-539
102 SCC 167 NO_GR 1 12.17 30.07 0.593 0.30 171 2 8 4 4 18 0.18 1 0.665
103 SCC 168 NO_GR 1 4.67 11.53 0.367 3.75 143 6.021 21 0.08 145 0.667
104 SCC 169 NO_GR 1 3.59 8.86 0.329 2.63 203 5.222 34 0.10 44 0.651
105 SC C 170 NO_GR 1 6.15 15.20 0.504 1-93 299 6.774 34 0-07 12 0.557
106 SCC 171 NO_GR 20.31 50.19 0.696 2 8 0 429 4.054 34 0.12 52 0.730
108 SCC 172 GR 1 4.93 1 2 1 8 0.485 1.25 251 3.633 32 0.14 33 0.515
109 SCC 173 GR 1 9,98 24.66 0.645 1.96 294 3.480 25 0.14 39 0.553
112 SCC 174 GR 1 14.46 35.73 0.767 3.63 295 5.062 23 0.10 77 0.560
113 SC C 175 NO_GR 1 10.86 26.83 0.782 2 8 7 347 5.431 26 0-09 54 0.476
114 SC C 176 NO_GR 1 6.18 15.28 0.561 0.24 317 3.290 32 0.15 2 0.501
115 SCC 177 GR 1 11.19 27.65 0.705 2 1 1 344 4.420 27 0.11 61 0.536
117 LC 201 GR 1 5.64 13.93 0.515 3-24 219 4.429 24 0.11 313 0.518
119 LC 202 GR 1 21.81 53.89 0.926 3.76 212 3.018 18 0,17 297 0.568
122 LC 203 GR 1 15.28 37.76 1.050 3.98 221 5.882 15 0.09 327 0.420
124 LC 204 GR 1 13.96 34.51 0.808 3.94 261 3.614 18 0.14 312 0.523
125 LC 205 GR 1 5.66 13,99 0,555 3.69 196 2 6 4 9 23 0.19 355 0.485
128 LC 206 GR 1 3.01 7.44 0.517 3.47 192 4-800 24 0.10 5 0-378
130 LC 207 GR 1 7.88 19.48 0.568 3.16 219 3.430 24 0.15 326 0.558
132 LC 208 GR 1 9.46 23.37 0.563 3.58 190 5.516 20 0.09 282 0.618
133 LC 209 GR 1 19.08 47.15 0.805 3.92 204 3.759 17 0.13 354 0.613
135 LC 210 GR 50.99 125.99 1.657 3.53 432 3.296 21 0.15 29 0.486
137 LC 211 GR 21.22 5 2 4 4 1.079 3.66 347 4.033 20 0.12 297 0.482
139 LC 212 GR 1 7.17 17.72 0.576 3.88 202 2 2 3 6 22 0.22 283 0.526
142 LC 213 GR 1 26.28 64.93 1.170 3.60 320 3.775 18 0.13 259 0.494
143 LC 214 GR 36.05 89.09 0.967 3.49 190 3.657 14 0.14 330 0.701
145 LC 215 NO_GR 26.38 65.17 0.617 3.06 195 3.981 18 0,13 351 0.940
146 LC 216 NO_GR 1 4.79 11.85 0.517 2 7 2 159 6.583 22 0.08 6 0.478
147 LC 217 NO_GR 54.05 133.56 1.267 1.35 351 2 3 9 2 21 0.21 287 0.655
148 LC 218 NO_GR 1 14.85 36.69 0.807 0.18 305 2 851 23 0.18 358 0.538
149 LC 219 NO_CR 1 19.58 48.38 0.932 0.33 350 1.434 22 0.35 347 0.536
150 LC 220 NO_GR 1 53.51 1 3 2 2 3 1.570 0.87 464 1.490 20 0.34 323 0.526
151 LC 221 NO_GR 2 75.51 186.59 1.657 0.76 493 1.989 20 0.25 325 0.592
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Basin
ID status order hectares acres
length
(km ) B5DI relief
drainage
density
slop e
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152 LC 222 NO_GR I 46.55 115.02 1.329 0.00 399 1.918 17 0.26 22 0.579
153 LC 223 NO_GR 1 29.31 7241 1.220 0.00 393 1.406 22 0.36 128 0.501
154 LC 224 NO_GR 1 48.28 119.30 1.335 0.00 499 1.665 23 0.30 18 0.587
155 LC 225 NO_GR 74.72 184.63 1.503 0.00 500 1.798 23 0.28 120 0.649
156 LC 226 NO_GR 1 28.80 71.16 0.844 0.83 264 1.924 21 0.26 54 0.717
157 LC 227 NO_GR 1 10.77 26.62 0.652 2 0 5 225 3.917 23 0.13 165 0.569
158 LC 228 NO_GR 82.17 203.04 1.713 0.03 594 1.630 22 0.31 68 0.597
159 LC 229 NO_GR 79.57 196.63 1.325 0.13 452 2 4 3 5 22 0.21 59 0.760
160 LC 230 NO_GR 1 23.94 59.15 1.886 0.79 382 2 921 23 0.17 104 0.292
161 LC 231 NO_GR 1 37.34 9 2 2 8 0.951 1.59 356 2.013 23 0.25 106 0.725
162 LC 232 NO_GF 27.88 68.89 1.260 3.76 415 3.566 21 0.14 70 0.473
163 LC 233 N O G R 1 5.59 13.81 0.545 2 8 4 148 4.321 19 0.12 164 0.490
164 LC 234 GR 1 7.53 18.60 0.484 3.85 187 2 7 5 7 24 0.18 62 0.634
166 LC 235 NO_GR 1 3.16 7.81 0.371 3.97 165 4.031 28 0.12 90 0.544
167 LC 236 NO_GR 51.52 127.31 1.726 3.52 504 4.303 19 0.12 45 0.468
168 LC 237 NO_GR 1 3.57 8.83 0.366 3.46 128 7.056 22 0.07 109 0.585
169 LC 238 NO_GK 1 4.51 11.13 0.476 3.94 133 7.244 18 0.07 IS 0.503
170 LC 239 NO_GR 1 6.67 16.48 0.485 2 8 8 113 5.250 17 0.10 355 0.607
171 LC 240 NO^GR 1 7.80 19.28 0.577 3.12 137 4.231 15 0.12 2 0.546
172 LC 241 NO^GR 1 22.33 55.17 1.262 3.66 426 2.879 21 0.17 41 0.422
173 LC 242 NO^GR 1 3 2 0 7 79.25 1.318 3.01 456 2 8 8 5 23 0.17 24 0.485
174 LC 243 NO_GR 1 48.11 118.89 1.416 2 3 0 452 2.015 21 0.25 340 0.553
175 LC 244 NO_GR 49.97 123.48 1.046 0.36 370 1.548 21 0.32 55 0.763
176 LC 245 NO„GR 1 43.60 107.73 1.303 0.72 455 1.817 23 0.28 172 0.572
177 LC 246 NO_GR 1 15.45 38.19 0.958 2.28 429 1.858 26 0.27 102 0.464
178 LC 247 NO_GK 1 18,88 46.64 1.085 2 1 9 418 3.370 24 0 .15 136 0.452
179 LC 248 NO„GR 1 11.04 27.27 0.640 3.22 242 1.245 23 0.40 55 0.585
180 LC 249 NO_GR 1 15.25 37.68 0.979 0.24 338 2 3 0 3 20 0.22 48 0.449
181 LC 250 NO_GR 1 19.62 48.48 1.189 0.01 464 1.439 23 0.35 53 0.420
182 LC 251 NO_GR 1 51.63 127.57 1.284 0.86 531 1.806 25 0.28 129 0.631
183 LC 252 NO_GR 1 11.80 29.15 0.606 2 4 1 249 1.602 24 0.31 126 0.640
184 LC 253 NO_GR 1 4.19 10.35 0.443 3.89 99 6.119 15 0.08 62 0.522
185 LC 254 NO_GR 1 2 8 5 7.04 0.378 4.00 97 6.786 16 0.07 44 0.500
186 LC 255 NO_GR 1 2 8 0 6 .92 0.302 3.94 68 8.179 15 0.06 27 0.625
187 LC 256 NO_GK 2 28.05 69.30 1.069 2 7 8 283 4.668 18 0.11 108 0.559
188 LC 257 NO_GR 2 18.17 44.91 0.735 2 3 4 150 6.385 14 0.08 100 0.655
189 LC 258 NO_GR 2 5.23 1 2 9 3 0.423 1.27 136 6.731 20 0.07 169 0.608
190 LC 259 NO_GR I 11.39 28.15 0.633 3.15 135 4.123 15 0.12 116 0.602
191 LC 260 NO_GR 1 4.71 11.64 0.383 2 9 8 125 4.766 18 0 .10 79 0.639
192 LC 261 NO_GR 1 1.99 4.91 0.308 2 3 5 97 9.750 23 0.05 159 0.518
193 LC 262 NO_GR 2 16.26 40.18 0.900 2.96 216 4.963 18 0.10 191 0.506
194 LC 263 GR 1 7.90 19.52 0.566 3.30 164 5.873 20 0.09 57 0.560
196 LC 264 GR 1 7.05 17.41 0.647 3.74 157 4.414 16 0.11 122 0.461
199 LC 265 GR 1 5.33 13.16 0.481 3.85 102 6.943 14 0.07 116 0.540
200 LC 266 NO_GR 2 10.49 25.93 0.590 3.09 169 5.895 19 0.08 88 0.620
201 LC 267 NO^GR 2 13.66 33.75 0.648 3.16 173 5.869 18 0.09 59 0.645
203 LC 268 GR 2 22.96 56.74 0.901 3.55 190 4.952 15 0.10 74 0.601
204 LC 269 GR 2 12.88 31.83 0.635 3.50 131 5.163 13 0.10 164 0.638
206 LC 270 GR 1 6.85 16.94 0.515 3.62 120 5.609 15 0.09 147 0.576
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Field
analysis
area
Basin
ID status order hectares acres
length
(km) BBDl relief
drainage
density
slop e
grad LOF aspect
e lo n g
ratio
211 LC 272 GR 2 21.37 5 2 8 2 1.075 3.78 195 6.336 15 0.08 76 0.486
212 LC 273 GR 1 8.62 21.31 0.629 3.53 114 6.233 15 0.08 83 0.526
214 LC 274 GR 1 2 4 9 6.15 0.337 1.25 106 8.760 20 0.06 153 0.529
217 LC 275 GR 36.27 89.62 1.647 3.23 287 5.391 17 0.09 43 0.413
218 LC 276 NO_GR 1 4.83 11.94 0.542 1.45 188 6.333 22 0.08 136 0.456
219 TBC 301 NO_GR 1 10.61 26.23 0.510 0,33 256 3.028 29 0.17 334 0.720
220 TBC 302 GR 1 8.19 20.23 0.537 1.84 250 5.915 25 0.08 343 0.602
222 TBC 303 NO_GR 1 5.67 14.01 0.428 0 2 0 268 3.596 34 0.14 340 0.629
223 TBC 304 NO_GR 1 13.27 3 2 7 8 0.735 0.38 394 3.687 31 0.14 338 0.562
224 TBC 305 NO_GR 1 17.31 4 2 7 6 0.792 0.35 418 2.676 30 0.19 311 0.593
225 TBC 306 N O _ G R 24.17 59.73 0.945 1.34 398 5.219 25 0.10 333 0.587
226 TBC 307 NO_GR 13.50 33.35 0.846 0.43 409 5.059 28 0.10 344 0.490
227 TBC 308 NO_GR 1 20.01 49.45 0.981 0.38 448 3.935 27 0.13 318 0.514
228 TBC 309 NO_GR 1 1 2 7 8 31.58 0.969 1.60 307 6.078 20 0.08 209 0.417
229 TBC 310 NO„GR 1 6.79 16.79 0.532 2 0 0 271 3.676 29 0.14 183 0.553
230 TBC 311 NO_GR 1 8.75 21.63 0.715 2 3 2 263 3.909 24 0.13 239 0.468
231 TBC 312 NO_GR 67.60 167.05 1.757 2 2 8 482 2 9 6 3 21 0.17 93 0.528
232 TBC 313 NO_GK 1 6.16 15.22 0.464 1.84 194 3.597 26 0.14 192 0.606
233 TBC 314 NO_GR 1 13.50 33.35 0.874 3.03 300 4.030 22 0.12 188 0.474
234 TBC 315 NO_GR 1 38.04 94.00 1.352 2 3 8 402 2 2 4 2 19 0.22 230 0.514
235 TBC 316 NO_GR 1 29.62 73.20 1.063 2.39 310 4.480 17 0.11 131 0.578
236 TBC 317 NO_GR 2 27.97 < 8 1 2 1.078 2 1 4 334 4.046 23 0.12 117 0.554
237 TBC 318 NO_GR 1 10.17 25.13 0,657 1.49 283 4.108 26 0.12 168 0.549
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2. BSDI Values for All Basins by Analysis areas
Link Field
Analysis
Area Basin ID
Erosion
Status
Basin
Portion BSDI Link Field
Analysis
Area Basin ID
Erosion
Status
Basin
Portion BSDI
1 s e e 101 NO_GR fun 2.42 84 s e e 150 NO_GR fuU 186
3 s e e 102 GR fun 2.35 85 s e e 151 NO_GR fun 130
4 s e e 103 GR fuU 3.84 86 s e e 152 NO_GR fuU 139
6 s e e 104 GR fun 3.55 87 s e e 153 NO_GR fun 182
8 s e e 105 GR fun 3.65 88 s e e 154 NO_GR fun 178
10 s e e 106 GR fuU 3.66 89 s e e 155 NO_GR fun 3.17
12 s e e 107 NO_GR fuE 3.75 90 s e e 156 NO_GR fun 139
13 s e e 108 NO_GR fuB 3.55 91 s e e 157 NO.GR fun 3.77
14 s e e 109 NO_GR hiil 3.92 92 s e c 158 NO_GR fun 1.72
16 s e e 110 GR fuU 3.97 93 s e c 159 NO_GR fun 2.27
18 s e e 111 GR fuD 3.18 94 s e c 160 NO_GR fun 1.09
19 s e e 112 NO_GR fun 202 95 s e e 161 NO_GR fun 119
21 s e e 113 GR fun 1.40 97 s e e 162 GR fun 3.94
22 s e e 114 GR fun 2.30 98 s e e 163 NO_GR fuU 148
25 s e e 115 GR fun 2.83 99 s e e 164 NO_GR fun 0.83
27 s e e 116 GR fun 3.03 100 s e e 165 NO_GR fun 0.03
28 s e c 117 GR fun 3.31 101 s e e 166 NO_GR fuU 0.26
30 s e e 118 NO.GR fun 272 102 s e e 167 NO_GR fun 0.30
31 s e e 119 GR fun 3.99 103 s e e 168 NO_GR fun 3.75
33 s e e 120 NO_GR fun 4.00 104 s e e 169 NO_GR fWi 162
34 s e e 121 GR fun 4.00 105 s e e 170 NO.GR fun 1.92
37 s e e 122 GR fun 4,00 106 s e c 171 NO_GR fun 180
38 s e e 123 GR fun 3.72 108 s e e 172 GR fun 1.25
40 s e e 124 GR fun 3.76 109 s e e 173 GR fun 1.95
42 s e e 125 GR fun 3.82 112 s e e 174 GR fun 3.62
44 s e e 126 NO_GR fuU 3.98 113 s e e 175 NO_GR fun 287
46 s e e 127 GR fun 4.00 114 s e e 176 NO_GR fun 0.23
48 s e e 128 GR fun 4.00 115 s e e 177 GR fun 111
49 s e e 129 GR fun 3.96 117 LC 201 GR fun 3.23
51 s e e 130 GR fun 3.95 119 LC 202 GR fuU 3.76
54 s e e 131 GR fuU 3.77 122 LC 203 GR fuU 3.97
55 s e e 132 GR fun 3.51 124 LC 204 GR fun 3.93
57 s e e 133 GR fun 3.97 125 LC 205 GR fuU 3.69
60 s e e 134 GR fun 3,95 128 LC 206 GR fun 3.46
62 s e e 135 GR fun 3.54 130 LC 207 GR fun 3.16
63 s e e 136 NO_GR fuU 3.43 132 LC 208 GR fun 3.57
65 s e e 137 GR fùU 3.83 133 LC 209 GR fuU 3.92
66 s e e 138 GR fun 3.99 135 LC 210 GR fun 3.53
68 s e e 139 GR fun 3.95 137 LC 211 GR fun 3.66
71 s e e 140 GR fùU 3.86 139 LC 212 GR fuU 3.88
72 s e e 141 GR fuU 3.60 142 LC 213 GR fun 3.60
75 s e e 142 GR fuU 3.27 143 LC 214 GR fuE 3.49
77 s e e 143 GR fuU 3.56 145 LC 215 NO_GR fuU 3.06
78 s e e 144 NO_GR fun 224 146 LC 216 NO_GR fun 171
79 s e c 145 NO_GR fuO 0.24 147 LC 217 NO_GR fuE 1.35
80 s e e 146 NO_GR fun 1,51 148 LC 218 NO_GR fuU 0.18
81 s e e 147 NO_GR fun 2.67 149 LC 219 NO_GR tun 0.33
82 s e e 148 NO_GR fun 3.88 150 LC 220 NO_GR fuE 0.87
83 s e e 149 NO.GR fuU 3.99 151 LC 221 NO_GR fuU 0.76
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Link Field
Analysis
Area Basin ID
Erosion
Status
Basin
Portion BSDI Link Field
Analysis
Area Basin ID
Erosiw
Status
Basin
Portion BSDI
152 LC 222 NO_GR full 0.00 150 LC 220 NO_GR fun 0,87
153 LC 223 NO_GR fuU 0.00 151 LC 221 NO_GR fuU 0,76
84 s e e 150 NO_GR full 2.86 152 LC 222 NO_GR fun 0.00
85 s e e 151 NO_GR full 2.30 153 LC 223 NO_GR fun 0.00
86 s e e 152 NO_GR full 2.39 154 LC 224 NO_GR fuU 0.00
87 s e e 153 NO_GR fuU 2.82 155 LC 225 NO_GR fuU 0.00
88 s e e 154 NO_GR full 178 156 LC 226 NO_GR fuU 0.83
89 s e e 155 NO_GR full 3.17 157 LC 227 NO.GR fun 205
90 s e c 156 NO_GR full 139 158 LC 228 NO.GR fuU 0,03
91 s e e 157 NO_GR full 3.77 159 LC 229 NO_GR fun 0.13
92 s e e 158 NO_GR full 1.72 160 LC 230 NO_GR fun 0.79
93 s e c 159 NO_GR hifl 127 161 LC 231 NO_GR fun 1.59
94 s e e 160 NO_GR full 1.09 162 LC 232 NO_GR fun 3.75
95 s e e 161 NO_GR full 119 163 LC 233 NO_GR fun 2.83
97 s e e 162 GR full 3.94 164 LC 234 GR fun 3.85
98 s e e 163 NO_GR full 148 166 LC 235 NO_GR fun 3.95
99 s e e 164 NO_GR full 0.83 167 LC 236 NO_GR fun 3.52
100 s e c 165 NO_GR fuD 0.03 168 LC 237 NO_GR fuU 3,45
101 s e e 166 NO_GR full 0.26 169 LC 238 NO_GR fuU 3.93
102 s e e 167 NO_GR full 0.30 170 LC 239 NO_GR fun 288
103 s e e 168 NO_GR fun 3.75 171 LC 240 NO_GR fun 3.11
104 s e e 169 NO_GR fun 162 172 LC 241 NO_GR fun 3.66
105 s e c 170 NO_GR fun 1.92 173 LC 242 NO_GR fun 3.01
106 s e e 171 NO_GR fuU 180 174 LC 243 NO_GR fun 230
108 s e e 172 GR fun 1.25 175 LC 244 NO_GR fuU 0.36
109 s e e 173 GR ftdl 1.95 176 LC 245 NO_GR fun 0.72
112 s e e 174 GR fun 3.62 177 LC 246 NO_GR fuU 2.28
113 s e e 175 NO_GR fun 187 178 LC 247 NO_GR fun 2.19
114 s e e 176 NO_GR fun 0.23 179 LC 248 NO_GR fun 3.22
115 s e c 177 GR fun 111 180 LC 249 NO_GR fuU 0.24
117 LC 201 GR fun 3.23 181 LC 250 NO_GR fun 0.01
119 LC 202 GR fun 3.76 182 LC 251 NO_GR fun 0.86
122 LC 203 GR fun 3.97 183 LC 252 NO_GR fun 2.41
124 LC 204 GR fun 3.93 184 LC 253 NO_GR fuU 3.87
125 LC 205 GR fuU 3.69 185 LC 254 NO_GR fufl 3.98
128 LC 206 GR fun 3.46 186 LC 255 NO_GR fWI 3.91
130 LC 207 GR fuU 3.16 187 LC 256 NO_GR fun 278
132 LC 208 GR fiin 3.57 188 LC 257 NO_GR fun 234
133 LC 209 GR fuU 3.92 189 LC 258 NO_GR fun 1.27
135 LC 210 GR fun 3.53 190 LC 259 NO_GR fun 3.14
137 LC 211 GR full 3.66 191 LC 260 NO_GR fun 297
139 LC 212 GR fun 3.88 192 LC 261 NO_GR fun 2.33
142 LC 213 GR fun 3.60 193 IC 262 NO_GR fuU 2.95
143 LC 214 GR fun 3.49 194 LC 263 GR fun 3.29
145 LC 215 NO_GR fun 3.06 196 LC 264 GR fun 3.73
146 LC 216 NO_GR fuU 171 199 LC 265 GR fun 3.84
147 LC 217 NO_GR fun 1.35 200 LC 266 NO_GR fun 3.08
148 LC 218 NO_GR fun 0.18 201 LC 267 NO_GR fun 3.16
149 LC 219 NO_GR fun 0.33 203 LC 268 GR fun 3.55
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A nalysis Erosion Basin A nalysis ErosiOTi Basin
Link Field Area Basin ID Status Portion BSDI Lirüc Field Area Basin ID Status Portion BSDI
204 LC 269 GR fuU 3.49 56 s e e 132 CA CA 3.99
206 LC 270 GR fuU 3.60 58 s e e 133 C A CA 4.00
209 LC 271 GR fun 3.35 59 s e e 134 C A CA 3.95
211 LC 272 GR fuD 3.78 61 s e e 135 C A C A 3.36
212 LC 273 GR fuU 3.52 64 s e c 137 C A C A 3.99
214 LC 274 GR fWl 1.24 67 s e e 138 C A C A 3.99
217 LC 275 GR fun 3.22 69 s e c 139 C A C A 3.97
218 LC 276 N O .G R fun 1.44 70 s e c 140 C A C A 3.99
219 TBC 301 NO_GR fun 0 3 3 73 s e e 141 C A C A 3.29
220 TBC 302 GR hiU 1.84 74 s e e 142 CA CA 2.81
222 TBC 303 NO_GR fun 0.20 76 s e e 143 C A CA 3.90
223 TBC 304 NO_GR fun 0.38 96 s e e 162 CA CA 3.77
224 TBC 305 N O .G R fun 0.35 107 s e c 172 C A CA 2 6 0
225 TBC 306 NO _G R full 1.34 110 s e c 173 CA CA 0.85
226 TBC 307 NO _G R fuU 0.43 111 s e c 174 C A C A 3.90
227 TBC 308 NO _G R fun 0.38 116 s e e 177 C A CA 1.57
228 TBC 309 NO_GR fun 1.60 118 LC 201 C A C A 3.71
229 TBC 310 NO_GR fun 1.99 120 LC 202 C A C A 3.77
230 TBC 311 NO_GR fuU 2.32 121 LC 203 C A C A 3.97
231 TBC 312 NO_GR fun 2.28 123 LC 204 C A C A 3.98
232 TBC 313 NO_GR fuD 1.83 126 LC 205 C A C A 3.64
233 TBC 314 NO_GR fun 3.03 127 LC 206 C A C A 3.29
234 TBC 315 NO _G R fun Z 38 129 LC 207 C A CA 3.66
235 TBC 316 NO_GR fun 2-39 131 LC 208 C A CA 3.64
236 TBC 317 NO_GR fun 2 1 4 134 LC 209 C A C A 3.91
237 TBC 318 NO_GR fun 1.49 136 LC 210 C A C A 3.19
2 s e e 102 CA C A 1.17 138 LC 211 CA C A 3.97
5 s e e 103 CA CA 3.75 140 LC 212 CA C A 3.98
7 s e e 104 CA CA 3.68 141 LC 213 C A CA 3.89
9 s e e 105 C A C A 4.00 144 LC 214 C A C A 3.48
11 s e e 106 C A C A 3.43 165 LC 234 C A CA 3.75
15 s e e 110 C A CA 3.99 195 LC 263 CA C A 2 8 8
17 s e c 111 C A C A 4.00 197 LC 264 CA C A 3.72
20 s e e 113 CA CA 1.60 198 LC 265 C A C A 3.84
23 s e c 114 C A CA 3.31 202 LC 268 CA CA 3.52
24 s e c 115 C A CA 3.52 205 LC 269 C A CA 3.47
26 s e c 116 C A C A 3.59 207 LC 270 C A CA 3.49
29 s e e 117 C A C A 3.73 208 LC 271 C A CA 2 9 7
32 s e c 119 CA C A 4.00 210 LC 272 C A C A 3.87
35 s e e 121 CA C A 4.00 213 LC 273 C A CA 3.95
36 s e c 122 C A C A 4.00 215 LC 274 C A CA 1.12
39 s e c 123 C A C A 4.00 216 LC 275 CA CA 3.86
41 s e e 124 C A C A 4.00 221 TBC 302 C A C A 1.86
43 s e e 125 CA C A 3.99
45 s e c 127 CA C A 4.00
47 s e e 128 CA CA 4.00
50 s e e 129 C A CA 4.00
52 s e e 130 C A C A 4.00
53 s e e 131 C A CA 3.71
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3. BSDI Distributions -  Basis for Comparative Histogram
BSDI Frequency Distributions k r r  All Basins by Erosion Status
BSDI Full CA No_GR GR Full CA No_GR GR
0 4 0 4 0 2% 0% 4% 0%
> 0 -0 .2 6 0 6 0 4% 0% 6% 0%
>0.2 - 0.4 11 0 11 0 6% 0% 10% 0%
>0.4 - 0.6 1 0 1 0 1% 0% 1% 0%
>0.6 - 0.8 3 0 3 0 2% 0% 3% 0%
>0.8 -1 .0 4 1 4 0 2% 2% 4% 0%
>1.2 -1 .2 1 2 1 0 1% 3% 1% 0%
>1.2 -1 .4 5 0 3 2 3% 0% 3% 3%
>1.4 -1 .6 6 2 4 1 4% 3% 4% 2%
>1.6 -1 .8 1 0 1 0 1% 0% 1% 0%
>1.8 - 2.0 5 1 3 2 3% 2% 3% 3%
>2.0 - 2.2 6 0 5 1 4% 0% 5% 2%
> 2 J .  - 2.4 15 0 13 2 9 % 0% 12% 3%
>2.4 - 2.6 3 0 3 0 2 % 0% 3% 0%
>2.6 - 2.8 6 1 6 0 4 % 2% 6% 0%
>2.8 - 3.0 9 3 8 1 5 % 5% 8% 2%
>3.0 - 3.2 11 1 8 3 6 % 2% 8% 5%
>3.2 - 3.4 7 4 1 6 4 % 6% 1% 9%
>3.4 - 3.6 17 7 4 13 1 0 % 11% 4% 20%
>3.6 - 3.8 17 12 5 12 10% 18% 5% 18%
>3.8 - 4.0 33 32 10 23 19% 48% 10% 35%
171 66 104 66 100% 100% 99% 100%
BSDI Frequency D istributions for by Erosion S tatus by S tudy Area
BSDI LC s e e TBC
C laæ Full C A No_GR GR Full C A No_GR GR AU FuU C A  No_GR GR
0 4 0 4 0 0 0 0 0 4 0 0 0 0
> 0-0 .2 4 0 4 0 1 0 1 0 6 1 0 1 0
>0.2 - 0.4 3 0 3 0 4 0 4 0 11 4 0 4 0
>0.4 - 0.6 0 0 0 0 0 0 0 0 1 1 0 1 0
>0.6 - 0.8 3 0 3 0 0 0 0 0 3 0 0 0 0
>0.8 - 1.0 3 0 3 0 1 1 1 0 4 0 0 0 0
>1.2 - 1.2 0 1 0 0 1 1 1 0 1 0 0 0 0
>1.2- 1.4 3 0 2 1 1 0 0 1 5 1 0 1 0
>1.4- 1.6 2 0 2 0 2 2 1 1 6 2 0 2 0
>1.6-1.8 0 0 0 0 1 0 1 0 1 0 0 0 0
>1.8 - 2.0 0 0 0 0 2 0 1 1 5 3 1 2 1
>20 - 2 2 2 0 2 0 3 0 2 1 6 1 0 1 0
>2.2 - 2 4 4 0 4 0 7 0 5 2 15 4 0 4 0
> 2 4 - 2 6 1 0 1 0 2 0 2 0 3 0 0 0 0
> 2 6 - 2 8 2 0 2 0 4 1 4 0 6 0 0 0 0
>28 - 3.0 4 2 4 0 5 1 4 1 9 0 0 0 0
>3.0-3.2 7 1 6 1 3 0 1 2 11 1 0 1 0
>3.2-3.4 5 1 1 4 2 3 0 2 7 0 0 0 0
>3.4 - 3.6 10 4 2 8 7 3 2 5 17 0 0 0 0
>3.6 - 3.8 8 7 2 6 9 5 3 6 17 0 0 0 0
>3.8-4.0 11 10 5 6 22 22 5 17 33 0 0 0 0
76 26 50 26 77 39 38 39 171 18 1 17 1
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4. Data Used to Build Ternary Diagram of Bum Severity/GradienVArea Relationship for 
Contributing Areas of Gullied Basins
Field
Link
A nalysis
A rea
Basin
ID
relief
ratio
log
Area BSDI
relief
ratio
norm*
Area
norm
BSDI
norm
Su m
norm
values
relief ratio 
w ei^ fced
log Area  
w e i^ t e d
BSDI 
w eig h  te
2 see 102 0.31 0.89 1.17 0.72 0.58 0.37 1.68 0.43 0.35 0 .22
5 see 103 0.37 0.47 3.75 0.86 0.31 1.19 2.36 0.36 0.13 0.51
7 sec 104 0.41 0.82 3.68 0.96 0.54 1.17 1 6 8 0.36 0.20 0.44
9 see 105 0.42 0.66 4.00 0.98 0.44 1.27 1 6 9 0.36 0.16 0.47
11 sec 106 0.35 0.51 3.43 0.81 0.34 1.09 1 2 4 0.36 0.15 0.49
15 see 110 0.43 1.12 3.99 0.99 0.74 1.27 3.00 0.33 0.25 0.42
17 see 111 0.41 0.95 4.00 0.95 0.63 1.27 1 8 6 0.33 0.22 0.45
20 see 113 0.42 0.76 1.60 0.99 0.50 0.51 1 0 0 0.50 0.25 0.25
23 see 114 0.44 0.49 3.31 1.03 0.32 1.05 1 4 1 0.43 0.13 0.44
24 see 115 0.50 0.35 3.52 1.16 0.23 1.12 1 5 1 0.46 0.09 0.45
26 see 116 0.40 a66 3.59 0.94 0.44 1.14 1 5 2 0.37 0.17 0.45
29 sec 117 0.50 0.46 3.74 1.17 0.30 1.19 1 6 6 0.44 0.11 0.45
32 sec 119 0.20 1.06 4.00 0.47 0.70 1.27 1 4 4 0.19 0.28 0.52
35 see 121 0.26 0.73 4.00 0.62 0.48 1.27 1 3 7 0.26 0.20 0.54
36 see 122 0.32 0.65 4.00 0.75 0.43 1.27 1 4 5 0.30 0.18 0.52
39 see 123 0.40 0.55 4.00 0.94 0.36 1.27 1 5 8 0.37 0.14 0.49
41 sec 124 0.37 0.65 4.00 0.87 0.43 1.27 1 5 7 0.34 0.17 0.50
43 sec 125 0.36 0.92 3.99 0.85 0.61 1.27 1 7 3 0.31 0.22 0.47
45 sec 127 0.31 0.90 4.00 0.72 0.59 1.27 1 5 9 0.28 0.23 0.49
47 sec 128 0.25 1.31 4.00 0.59 0.86 1.27 2.73 0.22 0.32 0.47
50 sec 129 0.20 1.59 4.00 0.47 1.05 1.27 2.79 0.17 0.38 0.46
52 sec 130 0.21 1-34 4.00 0.48 0.88 1.27 1 6 4 0.18 0.33 0.48
53 see 131 0.20 1.59 3.71 0.46 1.05 1.18 1 6 9 0.17 0.39 0.44
56 see 132 0.47 0.47 4.00 1.09 0.31 1.27 1 6 7 0.41 0.12 0.48
58 sec 133 0.54 0,83 4.00 1.25 0.55 1.27 3.07 0.41 0.18 0.41
59 see 134 0.44 0.57 3.95 1.03 0.37 1.26 1 6 6 0.39 0.14 0.47
61 sec 135 0.27 0.47 3.36 0.64 0.31 1.07 1 0 2 0.32 0.15 0.53
64 see 137 0.34 0.48 4.00 0.79 0.31 1.27 1 3 8 0.33 0.13 0.53
67 sec 138 0.31 0.51 4.00 0.73 0.34 1-27 1 3 4 0.31 0.14 0.54
69 sec 139 0.36 0.82 3.97 0.85 0.54 1.26 1 6 5 0.32 0.20 0.48
70 see 140 0.33 0.53 4.00 0.77 0.35 1.27 1 3 9 0.32 0.15 0.53
73 sec 141 0.35 0.54 3.30 0.83 0.36 1.05 1 2 4 0.37 0.16 0.47
74 sec 142 0.35 0.60 2 8 2 0.82 0.40 0.90 1 1 2 0.39 0.19 0.42
76 see 143 0.43 tt62 3.91 1.00 0.41 1.25 1 6 5 0.38 0.15 0.47
96 sec 162 0.36 0.07 3.80 0.85 0.05 1.21 1 1 0 0.40 0.02 0.58
107 sec 172 0.56 0.23 2.62 1.32 0.15 0.83 1 3 0 0.57 0.07 0.36
110 sec 173 0.45 0.59 0.86 1.05 0.39 0.27 1.71 0.61 0.23 0.16
111 sec 174 0.35 0.61 3.91 0.82 0.40 1.25 1 4 7 0.33 0.16 0.50
116 sec 177 0.42 0.55 1.58 0.98 0.37 0.50 1.85 0.53 0.20 0.27
118 LC 201 0.34 0.60 3.72 0.79 0.40 1.18 1 3 7 0.33 0.17 0.50
120 LC 202 0.20 1.30 3.77 0.46 0.86 1.20 1 5 2 0.18 0.34 0.48
121 LC 203 0.22 0.99 3.97 0.52 0.65 1.26 1 4 3 0.21 0.27 0.52
123 LC 204 0.31 0.83 3.99 0.72 0.54 1.27 1 5 4 0.29 0.21 0.50
126 LC 205 0.37 0.62 3.65 0.86 0.41 1.16 1 4 3 0.35 0.17 0.48
127 LC 206 0.38 0.37 3.31 0.88 0.25 1.05 1 1 8 0.40 0.11 0.48
129 LC 207 0.40 0.29 3.68 0.94 0.19 1.17 1 3 0 0.41 0.08 0.51
131 LC 208 
* norm  = norm alized
0.28 0.61 3.65 0.66 0.40 1.16 1 2 2 0.30 0.18 0.52
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relief S u m
Field
Link
A nalysis
A rea
Basin
ID
relief
ratio
log
Area BSDI
ratio
norm
Area
norm
BSD!
norm
norm
valu es
rehef ratio  
w eigh ted
log Area  
w eigh ted
BSDI
w eigh ted
134 LC 209 0.27 1.00 3.91 0.63 0.66 1.25 2.53 0.25 0.26 0.49
136 LC 210 0.23 1.22 3.20 0.54 0.80 1.02 2 3 7 0.23 0.34 0.43
138 LC 211 0.28 1.16 3.97 0.65 0.76 1.26 2.68 0.24 0.28 0.47
140 LC 212 0,32 0.78 3.98 0.74 0.51 1.27 2.52 0.29 0,20 0.50
141 LC 213 0.19 0.72 3.90 0.44 0.47 1.24 2 1 6 0.20 0.22 0.58
144 LC 214 0.18 1.53 3.48 0.43 1.01 1.11 2.54 0.17 0.40 0.44
165 LC 234 0.34 0.66 3.76 0.79 0.43 1.20 2.43 0.33 0.18 0.49
195 LC 263 0.28 0.62 2.89 0.65 0.41 0.92 1.98 0.33 0.21 0.46
197 LC 264 0.23 0.70 3.73 0.53 0.46 1.19 2.18 0.24 0.21 0.55
198 LC 265 0.15 0.43 3.87 0.36 0.28 1.23 1.87 0.19 0.15 0.66
202 LC 268 0.20 1.34 3.53 0.46 0.88 1.12 2.47 0.19 0.36 0.46
205 LC 269 0.19 1.05 3.48 0.44 0.69 1.11 2 2 4 0.20 0.31 0.49
207 LC 270 0.26 0.63 3.51 0.60 0.42 1.12 2 1 3 0.28 0.19 0.52
208 LC 271 0.31 0.32 3.00 0.73 0.21 0.96 1.90 0.39 0.11 0.50
210 LC 272 0.17 1.11 3.88 0.27 0.73 6.45 7.45 0.04 0.10 0 .87
213 LC 273 0.14 0.70 3.96 0.32 0.46 1.26 2 0 4 0.16 0.23 0.62
215 LC 274 0.26 0.31 1.14 0.60 0.20 0.36 1.17 0.52 0.17 0.31
216 LC 275 0.14 1.16 3.87 0.32 0.76 1.23 2.32 0.14 0.33 0.53
221 TBC 302 
• n orm  = n orm alized
0.40 0.75 1.87 0.92 0.49 0.60 2.01 0.46 0.25 0.30
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5. Exceptions to Correspondence of High BSDI Vaines with GuUy Rejuvenation
s u
FID
AnaJysis
Area
BSDI LOW BSDI - GULLY EROSION 
Exception Principle cxplanation(B^ for excefAlon
Area
(ha)
Relief
Ratio
Aspect
Class
Mean
Slope
Elongation
Ratio
ESDI
Overall
ESDI
CA
116 s e e < 3 .5 BSDI in C A - 3.59 13.69 0.49 W 28 0.47 3.03 3.59
207 LC < 3 .5 BSDI in CA = 3.66 7.88 0.39 NW 24 0.56 3.16 3.66
201 LC <3.5 BSDI in CA =• 3.71 5.64 0.43 NW 24 0.52 3.24 3.71
117 s e c <3.5 BSDI in C A - 3.73 6.18 0.54 W 31 0.50 3.31 3.73
275 LC < 3 .5 BSDI in CA = 3.86 36.27 0.17 NE 17 0.41 3.23 3.86
111 s e e < 3 .5 BSDI in C A - 4.00 29.09 0.42 SW 26 0.62 3.18 4.00
263 LC < 3 .5 gully but with modest erosion <M\ly - within 3.0 cut 7.90 0.29 NE 20 0.56 3.30 2 8 8
271 LC < 3 .5 high BS not concentrated in CA - within 3.0 cut 3.94 0.31 E 19 0.55 3.37 2.97
214 LC <3.5 NBR error; CA in NW Aspect - within 3.0 cut 36.05 0.20 NW 14 0.70 3.49 3-48
142 s e e < 3 .5 NBR error CA in NW Aspect - within 3.0 cut 11.88 0.37 NW 24 0.56 3.27 28 1
206 LC < 3 .5 OK m odest erosion only - within 3.0 cut 3.01 0.37 N 24 0.38 3.47 3.29
274 LC < 3 .0 grassland - possibly false NBR reading 2 49 0 3 2 SE 20 0.53 1.25 1.12
114 s e c < 3 .0 low  overall BSDI but BSDI in CA -  3.31, NW Aspect 7.86 0.56 W 31 0.49 2.30 3.31
115 s e c < 3 .0 low  overall BSDI but BSM in CA -  3.52 4.39 0.52 W 32 0.49 2-83 3.52
102 s e c <3.0 NBR error. NW Aspect 15.19 0.31 NW 21 0.46 2.35 1.17
113 s e e < 3 .0 NBR error: NW Aspect 1217 0.49 NW 28 0.58 1.40 1.60
302 TOC < 3.0 NBR error: NW Aspect - Partial 8.19 0.47 N 25 aeo 1.84 1.86
172 s e c < 3 .0 rubbly land - possibly false NBR reading 4.93 0.52 NE 32 0.52 1.25 2 6 0
173 s e c < 3 .0 rubbly land - possibly false NBR reading 9.98 0.46 NE 25 0.55 1.96 0.85
177 s e c <3.0 ruMdy land - possibly false NBR reading 11.19 0.49 NE 27 0.54 211 1.57
SU Analysis BSDI HIGH BSDI - N O  EROSION Area Relief Aspect Elongation ESDI BSDI
FID Area Exception Principle expIanation(s) for exception (ha) Ratio Class Slope Ratio Overall CA
232 LC > 3 .5 slope, elongation, riparian conditions 27.9 0.33 E 21 0.47 3.76 -
236 LC > 3 .5 dope, elongation, riparian conditions 51.5 0.29 NE 19 0.47 3.52 -
107 s e e > 3 .5 elcHigatlon 7.8 0.41 SW 23 0.45 3,75 -
120 s e e >3.5 wet riparian area, elongation 5.8 0.31 W 18 0.48 4.00 -
253 LC > 3.5 low  overall slope - 15 deg 4.2 0.22 NE 15 0.52 3.89 -
255 LC > 3 .5 low  overall slope - 15 deg 2 8 0.23 NE 15 0.63 3.94 -
254 LC > 3.5 low  overall slope - 16 deg 2 8 0.26 NE 16 0.50 4.00 -
148 s e c >3.5 low  overall slope - 18 deg 3 2 6 0.27 N 18 0.68 3.88 -
238 LC >3.5 low  overall slope - 18 deg 4.5 0.28 N 18 0.50 3.94 '
108 s e c > 3 .5 low  overall slope - slope 17 deg 27.1 0.29 SE 17 0.67 3.55
241 LC >3.5 elongation, bum  location 22 3 0.34 NE 21 0.42 3.66 -
235 LC > 3 .5 small drainaCR, intermittent rills observed 3.2 0.45 E 28 0.54 3.97
126 s e c > 3.5 uncertain: 5.5 0.44 S 27 0.53 3.98 -
168 s e c > 3.5 uncertain: 4.7 0.39 SE 21 0.67 3.75 -
109 s e c > 3 .5 uncertain: 5.4 0.40 SW 21 0.64 3.92 -
157 s e e > 3.5 uncertain: elongation 5.5 0.56 NE 33 0.47 3.77 -
149 s e e > 3.5 uncertain: 4.9 0.40 SE 25 0.60 4.00 '
136 s e c > 3.0 bum  location: h%h BS not concentrated in CA 3.8 0.35 S 21 0.60 3.43 -
155 s e c > 3 .0 bum  location: high BS not concentrated in CA 3.8 0.47 SE 29 0.53 3.18 -
314 TOC > 3 .0 bum  location: high BS not concentrated in CA 13.5 0.34 S 22 0.47 3.0S -
242 LC > 3 .0 elongation 321 0.35 NE 23 0.49 3,01 -
240 LC > 3.0 low  overall slope - 15 deg 7.8 0.24 N 15 0.55 3.12 -
259 LC > 3 .0 low  overall slope - 15 deg 11.4 0.21 SE 15 0.60 3.15 -
237 LC > 3.0 small drainaCR, intermittent rills observed 3.6 0.35 E 22 0.58 3.46 -
248 LC > 3 .0 uncertain: low  density vegetation 11.0 0.38 NE 23 0.58 3.22 -
215 LC > 3.0 unusuaL w et riparian area 26.4 0.32 N 18 0.94 3.06 -
266 LC > 3.0 unusuaL w et riparian area 10.5 0.29 E 19 0.62 3.09 -
267 LC > 3.0 unusuaL wet riparian area 13.7 0.27 NE 18 0.64 3.16 -
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C, Charts
1. frequency distribution histograms of primary metric values by analysis areas 
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Figure 35; Study Unit Comparison; Basin Drainage Density
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Figure 36: Study Unit Comparison: Basin Mean Slope Gradient
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Figure 37: Study Unit Comparison: Length of Overland Flow by Basin
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Figure 38: Study Unit Comparison: Basin Aspect
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Figure 39: Study Unit Comparison: Basin Elongation Ratio
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